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ABSTRACT
The Surgical Radiation Probe Mkll manufactured in Australia by Gammasonics Institute 
for Medical Research Pty Ltd is an intraoperative gamma probe used in conjunction with 
lymphoscintigraphic images to remove the sentinel node in breast cancer & melanoma 
patients. The technique is slowly gaining wider acceptance around the world with much 
positive feedback from clinical trials.
The characteristics and performance of this device were studied. This included the physics 
behind the scintillator probe itself and the electronics behind the electronic readout 
system. Design, testing and optimisation of the unit was performed as part of this thesis 
and the developed circuits are presented in chapter 5. Performance factors were measured 
including sensitivity, energy resolution, spatial resolution, efficiency and angular 
response.
The amplifier and display unit design was refined and modified to produce a commercially 
viable and reliable product suitable for CE marking. This improved conditions for sale to 
international markets. Technical documentation, production procedures and EM testing 
procedures were prepared as part of this process. Feedback from clinical trials was also 
examined to find ways of improving design for the future.
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CHAPTER 1 
INTRODUCTION
The scintillator based probe is a tool used in conjunction with nuclear imaging to aid in 
the location of abnormal tissues in the body, allowing for surgical removal of these 
tissues and thereby reducing the need for radical surgery. The probe presented in this 
thesis is mainly used for treatment of breast cancer and melanoma.
Nuclear medicine is a relatively recent development. It involves the use of radio-isotopes 
in the diagnosis and treatment of disease. It began in 1935 after the discovery by Enrico 
Fermi that stable elements could be made radioactive by bombarding them with neutrons 
[ 27 ]. The atoms of these elements capture the neutrons assuming a different nuclear form 
and dissipate excess energy by emitting radiation in the form of gamma and other rays. 
Radio-isotopes commonly used in Nuclear Medicine include Iodine-131 which settles in 
thyroid glands and Technetium-99 associated with the lymphatic system.
The isotopes are introduced into the body, usually by intravenous ( within a vein or veins ) 
injection. In the case of the treatment of breast cancer using Tc-99, the radio-isotope is 
also mixed with antimony colloid, a chemical which aids the flow of the radio-isotope to 
the lymphatic tracks.
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Certain nodes accumulate a greater concentration of Tc-99 solution & can be identified by 
their increased activity. Preliminary investigation / location of lymph nodes is done using 
a gamma camera. This generates a tumour image which allows us to see the distributed 
activities of the isotope.
Figure 1: SRPMkll final product
Once an image is taken and the problem areas identified ( in this case sentinel nodes ), 
appropriate identifying marks are made on the patient. The surgical probe is then used find 
the precise location of these nodes during surgery. The advantage of this technique is that 
the removal of a large proportion of glands can be avoided. Previous to sentinel node 
localisation procedures, the removal of the full set of glands known as axillary dissection 
was more frequently required.
2
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The SRPMkII can be divided into two main sections:
1) The probe : consisting of CsI(Tl)scintillation crystal, light guide and photomultiplier.
2) The amplifier/readout unit: consisting of amplifier, counter, audio output, digital and 
analogue displays.
The design of this system will be discussed in detail in the chapters following.
3
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CHAPTER 2
LITERATURE REVIEW
Breast cancer is the most common tumour affecting women. More than 700,000 cases of 
breast cancer are diagnosed worldwide each year and it remains the leading cause of death 
among women aged 40-55 years [1]. The incidence of melanoma too has increased 
dramatically during recent decades [2].
Early detection is vital and there has been significant progress in the treatment of breast 
cancer and melanoma with a new technique being more widely accepted known as gamma 
probe guided sentinel node biopsy used in conjunction with lymphoscintigraphy to 
significantly improve irradication of the cancer without unnecessarily removing healthy 
tissue.
Lymphoscintigraphy:
The use of intraoperative surgical probes has been associated with two main clinical 
applications: Radio-immunoguided surgery ( RIGS ) and sentinel node location using 
lymphoscintigraphy.
Over the last ten years RIGS was the most widely accpted application for detection of 
melanoma and breast cancer using intraoperative probes [3].RIGS uses radio-labelled
4
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compounds which are monoclonal antibodies ( MAbs ) of colorectal cancers. The time 
required for uptake and blood clearance of MAbs varied from several days to three weeks. 
For this reason, 125I with a half life of 60 days was used. 125I has emissions per decay : 6% 
35.5keV gamma rays, 15% 27keV K« x-rays and 25% 31keV Kp x-rays. The low energies 
mean that attenuation length is short thus emissions from areas outside the area of interest 
are minimized. The low energies also allow for less shielding around the probe and allow 
for the use of CdZnTe detector which is a very good detector at these energies with 
excellent resolution.
Because of the long acceptance time of MAbs which may mean a spread of the radio­
isotope to wider areas, other techniques have been investigated.
The main alternative which has been rapidly gaining wide acceptance and replacing RIGS 
has been sentinel node location. This technique allows the surgeon to identify the first 
node downstream from the tumour site - called the sentinel node. If there has been a 
spread of cancer through the métastasés process, it is most likely to be found at the 
sentinel node. By removing this node, the chance of spreading the cancer can be 
significantly reduced and the removal of unnecessary lymphatic drainage can be avoided.
Before going further it may be useful to explain the parts and functions of the Lymphatic 
system since it forms the basis for the spread of cancer cells. It includes the lymphocyte 
producing nodes as well as the lymphatic tracks which are used to distribute lymph to
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infected cells in the body which require servicing. A general description of the purpose 
and location of this system is presented following.
Lymph Nodes
Lymph nodes generally occur in groups along the larger lymphatic vessels. They are 
distributed throughout the body, but they lack the tissues of the central nervous 
system. All lymph nodes have the primary function of the production of lymphocytes, 
which help defend the body against microorganisms and against harmful 
foreign particles and debris from lymph before it is returned to the blood stream. The 
major locations are in six areas:
(1) the cervical region: nodes in this area are grouped along the lower border of the jaw, in 
front of and behind the ears, and deep in the neck along the larger blood vessels. They 
drain the skin of the scalp, face, tissues of the nasal cavity, and the pharynx
(2) the axillary region: these nodes are in the underarm region and receive lymph from 
vessels that drain the arm, the walls of the thorax, the breast, and the upper walls of the 
abdomen;
(3) inguinal region: the nodes in this area receive lymph from the legs, the outer portion of 
the genitalia and the lower abdominal wall;
(4) the pelvic cavity: the nodes here appear mostly along the paths of the blood vessels 
within the pelvic cavity and receive lymph from the lymphatic vessels in the area;
6
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(5) abdominal cavity: within this area, nodes occur in chains along the main branches of 
the arteries of the intestine and the abdominal aorta;
(6) thoracic cavity: these nodes occur between the lungs and along the windpipe and 
bronchi, and receive lymph from this area and from the internal wall of the thorax. The 
popliteal and inguinal nodes are in the legs and groin, the lumbar nodes in the pelvic 
region, the axillary nodes in the armpits, the cervical nodes in the chest. Hodgkin's 
disease is an enlargement of the lymph nodes in the neck, which gradually spreads 
throughout the lymphatic system, including the spleen. Pressure on adjoining organs 
and nerve endings can result in a dysfunction of vital organs or in paralysis.
Lymphatic Trunks
Lymphatic trunks drain lymph from the larger areas of the body, and they are named for 
the areas that they serve. The "lumbar trunk" drains lymph from the legs, 
lower abdominal wall, and the pelvic organs; the "intestinal trunk" drains organs of the 
abdominal cavity; the "intercostal" and "bronchomediastinal trunks" receive 
lymph from portions of the thorax; the "subclavian trunk" drains the arm; and the "jugular 
trunk" drains parts of the neck and head. These trunks then join one of two collecting 
ducts: the thoracic duct or the right lymphatic duct. After leaving these collecting ducts, 
lymph enters the veins to become part of the plasma, just before the blood returns to the 
right atrium of the heart.
7
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LEGEND:





f) Lower Intercostal Trunk
g) Lumbar Trunk
h) Cystema Chyli
i) Intestinal Trunks / Vessels
j) Vessels from Pelvis
k) From Lower Limb
Figure 2: Lymphatic System -  Deep Channels of Lymph Drainage
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Figure 3: Lymphatic System -  Superficial Nodes
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Lymphoscintigraphy involves the use of a gamma camera to identify a sentinel node by 
injecting a " mTc labelled colloid in or around the tumour and taking a series of images to 
map the flow of activity through the lymphatic system.
The location of the SN is then marked on the skin for the surgeon who will use a gamma 
probe to locate the node surgically. This technique has been effective in identifying the SN 
as discussed below.
The concept of the sentinel node as the first node to drain lymphatic flow from the tumour 
site and as the best indicator of the prescence of tumour in lymph nodes was first 
introduced by Morton et al [ 24 ]. They used a blue dye ( isosulfan blue ) injected at the 
time of surgery to visualize lymphatic drainage from tumour to lymph nodes. The first 
node to turn blue was identified as the sentinel node. The use of blue dye however had a 
number of problems including difficulty in identifying blue stained nodes in dense tissue 
and also because the dye travelled rapidly through the lymphatics it did not always remain 
in the node long enough for identification and removal [ 17 ].
The use of " mTc -  sulfur colloid was introduced to replace the blue dye method by Alex 
and Krag [ 25 ]. In a study conducted by Mirco Bartolomei et al [ 19] a comparison of the 
effectiveness of blue dye mapping and lymphoscintigraphy with colloids and antibody 
fragments was made. Fifty patients with cutaneous melanoma were enrolled in the study. 
The patients were divided into two groups. Group A consisted of 25 patients injected with 
55MBq " mTc labelled HAS colloid particles. Group B consisted of 25 patients injected
10
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with 220MBq of " mTc — F MoAb around the primary lesion. In all 50 patients, blue dye 
technique was also performed immediately before surgery. When a blue dye node was 
identified intraoperatively, its radioactivity level was measured with a gamma probe. In 
the absence of blue colour, the probe alone was used to detect the sentinel node.
The results showed that gamma probes allowed for SN detection in 49/50 (98%) of cases. 
By contrast, using blue dye method only 40/50 (80%) of sentinel nodes were stained.
Thus, lymphoscintigraphy has grown to replace the blue dye method.
There have been numerous studies conducted to determine the effectiveness of gamma 
probe in removing the sentinel node with an overwhelming majority of positive results.
Early detection is vital for improving mortality associated with breast cancer. In the U.S, 
programs have been introduced to encourage breast self examination, regular breast 
physical examination by a physician and radiologic mammography on an annual basis 
after the age of 50 [ 18 ]. Similar momentum has gathered in Australia.
Although mammography has been effective in early detection of lesions -  it is unable to 
discriminate between benign and malignant breast masses. Radionuclide imaging 
techniques are used to detect axillary lymph node involvement to support diagnosis.
Clinical trials conducted by the European Institute of Oncology, Milano, Italy [ 4 ] have 
shown that sentinel node biopsy may predict axillary status in breast cancer. " mTc labelled 
colloid was injected close to the tumour. Lymphoscintigraphy was then performed to
11
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reveal the SN. The next day, the SN was removed using a gamma probe. As part of the 
study, to see if any other nodes containing activity were missed, complete axillary 
dissection followed, except in later cases recruited to a randomized trial. The SN was 
examined by conventional frozen section. After examining more than 500 cases, the SN 
was identified in 98.7% of cases. In 6.7% the SN was found to be negative for metastatic 
disease but other axillary nodes were positive.
Clinical experience with lymphoscintigraphy and intra-operative gamma probes has been 
primarily in malignant melanoma and some cases of breast cancer [ 26 ].
In a study by Rik Pijpers et al [ 20 ], 41 patients with melanoma were injected with " mTc 
-  colloid albumin. In all patients at least one sentinel node was found. The most 
interesting point was that in all cases the initial focus retained the highest fraction of 
radioactivity for 18 hours. This provides excellent flexible time for surgery and provide 
the ability for node localization over sufficiently extended periods.
The technique is less effective for patients who have had pre-surgical chemotherapy or 
previous excisional biopsy [ 7 ]. This is due to damage of the lymphatic track which 
affects the flow of the colloid to the SN.
There is however still considerable experimentation into which techniques are most 
effective. Combining radionuclide imaging before surgery, intraoperative probe detection
12
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and blue dye have yielded the best sensitivities for finding sentinel node according to 
Emory University School of medicine, Atlanta and several other institutions [ 5, 6, 8 ].
The use of imaging before surgery aids in distinguishing sentinel nodes from secondary 
nodes, guiding surgical incision planning and facilitating lower doses. On average, 
radiation exposure to operating room and pathology personnel is very low. Estimates of 
exposure to the surgeons hands are 0.2% of the annual whole body dose received by every 
human being from natural background and cosmic sources [ 5 ].
Although almost 90% of all articles written on SLN biopsy have appeared on in the last 3 
years, the public and many in the medical profession have adapted the procedure with 
enthusiasm [33].
Sentinel lymph node mapping technique will change the management of breast cancer and 
will allow two thirds of the patients with breast cancer to be managed without axillary 
lymph node dissection with a resulting reduction in morbidity and cost [ 8 ].
Approaches to probe creation:
Techniques involving the injection of a radio-isotope to assist in the identification of 
tumours using intraoperative probes have been used for more than 50years. [ 1,2 ] 
Detectors have ranged from GM tubes to scintillators and solid state detectors.
13
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All of these techniques have been based on three elements: the detector, the radio-isotope 
and the compound that is labelled. The elements of this system should have the following 
properties [2]:
Compound:
a) must be extracted from the blood into the tumour
b) amount in the tumour must be significantly than in surrounding tissue
c) must be extracted into the tumour and remain in the tumour for a period of time which 
is consistent with the surgical procedure and half life of the isotope.
Radio-isotope:
a) must have chemical properties that allow it to bond to form a stable compound
b) appropriated half life -  long enough to be consistent with the surgical procedure but 
not too long as to compromise the safety of the patient.
Detector: must have some combination of the following:
a) efficient detection of the emitted radiation
b) insensitivity to background radiation
c) good energy resolution to discriminate against background radiation
d) collimation to shield against background radiation
e) good spatial resolution to resolve tumour from adjacent background.
14
CHARACTERISATION AND STUDY OF SCINTILLATOR BASED PROBE FOR LYMPHOSCINTIGRAPHY
There has been much research associated with choice of appropriate labelled compounds 
over the last 50 years. The main aim of this research from a compound point of view has 
been to find a compound which moves along the lymphatic tracks in the same way as 
cancer cells migrate from various lymph channels ( metastases) but without migrating to 
tissues where no metastases has occurred.
Research into radio-isotopes for this application has been based on matching them to 
produce stable compounds as well as choice of appropriate half life and energies to 
provide sufficient penetrating power through tissue to reach the detector.
Initially, PO4' ion -  a stable form of phosphorus was used and labelled with the isotope 
P. This isotope emitted beta particles with energies ranging from 0 to 1.71 MeV. The 
maximum energy could penetrate up to 8mm of tissue but average penetration was only 
2.8mm. [2] This meant that early probes were generally more invasive than those currently 
used. GM tubes were used as detectors, but an improvement was needed because of the 
GM tube’s inability to detect gamma rays.
Other applications such as use of 32P in superficial lesions of skin and the eye have used 
solid state detectors.
Compounds were beginning to be developed to correspond with radio-isotopes that 
emitted gamma radiation. This meant that the penetration distance was much longer.
15
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Scintillators were used to measure these gamma rays but the higher penetration caused 
other problems.
Background events could now come from any part of the patient. Lead shielding and 
collimation was used to combat this problem. Since then, solid state detectors have been 
used and there is continual improvement in energy resolution, detector sizes, thin entry 
windows to allow for counting of low energy beta and gamma rays [ 2 ] and better spatial 
resolution.
These factors will be examined for the SRPMkII. Of considerable importance for the 
identification of the location of the sentinel node is spatial resolution. Most probes show 
that nodes less than 115mm from the injection site may be poorly localised [ 2 ]. This is 
due to the interference from the high activity at the injection site and warrants further 
investigation.
Alternative approaches to detector design are constantly being developed. Positron 
emitting radio-nuclides such as F-labelled Fluorodeoxyglucose ( FDG ) have been 
developed [ 29 ]. Advantage of positron emission over gamma emission for node 
localisation is that emissions from areas away from the immediate area of interest are 
avoided without the need for shielding and collimation as for gamma detection [ 31,32 ]. 
This is similar to the PO4' beta emitters described previously but with much improved 
uptake time ( l-2hrs post injection) and better tumour to background ratio. Scintillators are 
not optimal for this application since they are very sensitive to 51 IkeV photons produced
16
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by positron annihilation. For this reason Geiger tubes and semi conductor detectors are 
used [ 28 ].
There have also been developments in improvement of current gamma probes including 
Dual Detector Probes [ 34 ] and imaging probes [ 1 ]. These provide better spatial 
resolution and larger sensitive regions to help in sentinel node localisation but require 
expensive processing and of course added expense associated with multiple scintillators.
Today, the most commonly used compound and labeling radio-isotope for sentinel node 
location procedures is " mTc anitmony colloid. The CsI(Tl) scintillator is well suited for 
detecting the Tc energies.
When evaluating the effectiveness of a gamma probe for use in sentinel node localization 
the following factors are required [ 21 ]:
1) High absolute sensitivity: A high signal to noise ratio is required to detect nodes with 
low uptake or deep seated nodes.
2) Side shielding: Interference from sources next to the sensitive area of the probe need 
to be minimized. This is especially important for nodes located near the injection site 
which contains a high relative activity.
17
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3) High spectral resolution: detection of nodes around an injection site may be 
improved by high spectral resolution to suppress counts from scattered photons.
4) Angular sensitivity: the response of the probe should be confined to a solid angle. 
This ensures good spatial resolution for the localisation of the node.
5) Ergonomic characteristics: The probe must be easy to use. Both audio and visual 
displays add to effectiveness in surgery.
18
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CHAPTER 3
PROPERTIES OF RADIATION DETECTORS
Our project related to the registration of nuclear radiation. For this, a review of radiation 
Detection methods is important for choice of a radiation detector for our purposes.
GENERAL PROPERTIES OF RADIATION DETECTORS:
In the general case, we can first observe the response of a detector as a result of being 
exposed to one gamma ray. When the photon hits the detector, there is a photon-matter 
interaction in one or more of the following processes: 1) Photoelectric effect, 2) Compton 
scattering, 3) pair production. These processes cause a delivery of energy to the electron 
used for ionisation of medium followed by charge collection. This process is not 
instantaneous. Each interaction has a different pulse width and height and can be 
described as follows:
Figure 4: A typical current waveform showing the possible distribution of a set of photon­
matter interactions
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The amplitude (A) of the current is determined by the energy of the photon & the type of 
interaction which occurs. The pulse width is determined by the geometric position where 
the interaction occurred i.e the distance from the anode or cathode. The time between 
pulses ti, X.2 is a random value.
Processes of photon interaction with matter:
It is important to examine the different processes of interaction of gamma photons with 
matter. These processes are described as follows:
•Photo-electric effect:
This is where a gamma ray interacts with an atom and is completely absorbed by the atom. 
An electron from one of the shells in the atom ( depending on the energy of the gamma 
photon) is ejected from the atom and appears as a free electron. The probability of 
producing a photo electron when light strikes an atom is strongly dependent on the atomic 
number ( z ) and the energy ( h v ) of the photons. [ 36 ] The photo-electric effect is more 
prominent for low energy photons and the probability of the effect increases rapidly with 
increasing z of the absorber. The photo-electric absorption co-efficient varies as z5/(hv)3'5.
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•Compton Scattering:
Occurs when a photon interacts with an electron by a collision in which the photon 
transfers some of its energy to the electron thus changing its momentum - while it is 
deflected by an angle (0). The cross-section of photon interaction by Compton Scattering 
is denoted by a Ph and proportional to z.
Figure 5: Compton Scattering 
•Pair production:
In this interaction, when the gamma ray approaches the nucleus it is converted to an 
electron-positron pair. For this to occur, the gamma ray must have a high energy ( at least 
twice the rest mass energy of an electron = 2 x 0.51 IMev = 1.02MeV). 1.02Mev is used 
to create the electron-positron pair and any excess energy is shared as kinetic energy 
between the two.
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The positron then undergoes annihilation after a time ta. During this time the velocity of 
the positron is reduced by the absorbing medium. As a result of annihilation the positron 
decays into 2 gamma rays 51 IkeV each. These photons are emitted at 180° to each other if 
annihilation was at rest. The cross-section of photon interaction through pair production is 
denoted by oPh and proportional to z2 .
Figure 6: The relative probabilities of the three processes occurring
DETECTOR TYPES:
Photon-matter interactions can be measured using the following types of detectors:
• GM TUBES -  Geiger Muller tubes consist of a gas filled tube with an anode and a 
cathode kept at a high potential difference. When photons strike the gas, its electrons 
are excited and change energy levels -  ionizing the gas. The free electrons are then 
collected by the anode and counted to determine the number of interactions.
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• SCINTILLATORS -  consist of an organic or inorganic crystal whose properties are 
such that when photons interact with its electrons / nucleus, light is emitted. This is not 
always in a visible range and maybe in the ultra violet depending on the type of 
crystal. The crystal type also determines response times, dead times, and energy 
spectrum. Once the photons are converted into light, it is coupled through an optical 
channel to a photo multiplier held at high potential where the light produces secondary 






Figure 7: Mono-energetic beam stopping in parallel plate ionisation chamber
Figure 7 illustrates a typical setup of a parallel plate ionisation chamber. Mono-energetic 
particles / photons enter a gas chamber across an Area A. The chamber has an electric 
field across its plate set up by a potential difference V between the plates. As the particles 
slow down in the chamber, they ionise the gas by ejecting an electron which moves to the 
positive plate and leaves positive ions behind.
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The ejected electrons can also produce additional ion pairs. The number of additional ion 
pairs produced is dependent on the electric field strength and the average energy W 
needed to produce an ion pair. When a particle / photon of initial energy E stops in the 
chamber, then the average number of ion pairs N produced by the particle and its 
secondary electrons is:
N  =  —
W
As the potential difference between the plates is increased, saturation current produces a 
plateau region as shown in figure 8. The saturation current gives a direct measure of the 
rate of energy absorption in the gas.
Figure 8: Plot of V vs I for Ionisation chamber
In addition to measuring absorbed energy, a parallel plate ionisation chamber operated in 
the plateau region can also be used to count particles / photons. When a charged particle 
enters the chamber, the potential difference across the plates drops momentarily while the 
ions are being collected. The pulse can be amplified and electronically recorded to register 
the particle / photon interaction.
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A proportional counter is used to reduce the electronic noise of the parallel plate ionisation 
chamber. It uses a gas enclosed in a tube often made with a fíne wire anode running along 
the axis of a conducting cylindrical shell as shown if Figure 9.
Cylinder Radius b
Figure 9: Schematic side view and top view of cylindrical proportional counter tube
The electric field generated by this setup is given by:
£(r)= F
r \ n { b  / a )
where: V = potential difference between central anode and cylinder wall
b = radius of cylinder 
a = radius of anode wire 
r = distance of particle from anode wire
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Very large field strengths are possible with this arrangement when a is small in the region 
near the anode, i.e r is small. The behaviour of the tube is greatly influenced by the 
potential difference as shown in Figure 10.
Figure 10: Regions of operation of gas-filled cylindrical ionization chamber operated in 
pulse mode
When the applied voltage is low, the tube operates like an ionisation chamber. The 
number of ion pairs collected or pulse height is small if the voltage is low enough to allow 
recombination [ 36 ]. As the potential difference is increase, the size of pulses increases 
and then levels off in the plateau region ( * 200V). When the potential difference is raised
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to a few hundred volts, the field strength near the anode increases so that the initial photo 
electron and its secondary electrons acquire enough energy to ionise additional gas atoms. 
Gas multiplication then occurs and the number of ions collected in the pulse is 
proportional to the original number produced by the initial photo electron and its 
secondaries. The tube operates as a proportional counter up to about 700V.
If the voltage is increased further, the tube operates as a GM tube where the field near the 
anode is so strong that any initial ionisation of the gas results in a pulse whose size is 
independent of the number of initial ion pairs. Hence the digital nature of GM tubes.
MODES OF DETECTOR OPERATION:
1) pulse mode: used to measure the energy of individual photon interactions
2) current mode: gives the average of photon interactions over some specified time set by 
the detector
3) switched voltage mode: similar to current mode, but can be used for cases in which 
different types of radiation are being detected simultaneously. Signal is proportional to the 
square of the charge per event. Therefore, it emphasises the dominant interaction .i.e. the 
interaction producing greatest charge per event.
27
CHARACTERISATION AND STUDY OF SCINTILLATOR BASED PROBE FOR LYMPHOSCINTIGRAPHY
In the SRPMKII, the current mode is used. The time dependent current can be expressed 
as:
1 t - T  -
where i(t’) is a random current waveform which is dependent 
on the event rate & charge produced for each event.
The random nature of the signal can be estimated using Poisson statistics.
Energy Resolution:
In order to characterize the effectiveness of a detector, we must consider its 
usefulness in measuring the radiation spectrum. This can be simplified by first observing 
its response to a mono-energetic source of radiation.
Figure 11: Illustration of Full Width Half Magnitude on Pulse
2 8
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The energy resolution is defined as R = ----------. It is expressed as a fraction or
Ho
percentage and is a measure of how effectively the detector can distinguish between two 
radiations whose energies lie close to one another.
There are a number of sources of fluctuations in the energy resolution. These are:
1) changes in the operating characteristics,
2) random noise,
3) statistical fluctuations in the source.
In the SRPMkII, we have gone to great lengths in terms of filtering and electronic 
circuit stability to ensure that operating characteristics remain constant and that random 
noise is minimized. The use of high order LCR networks on all supply rails and possible 
sources of feedback ensures this stability.
The limiting factor then becomes the statistical fluctuations in the source, which 
are translated to a varying flow of charge from the photomultipler tube. This can be 
approximated and modeled using Poisson and Gausiann distributions:
G(H) = A cxpf { H ~ H" U  
crVm P( 2<72 )
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Detector efficiency:
This is a measure of the number of pulses counted compared to the number of 
gamma rays incident on the detector. This usually depends on the detector material, 
radiation energy & thickness of detector in the direction of incident radiation.
RADIATION EXPOSURE & DOSE:
Basic Principle:
In general, radiation ( gamma & X ray ) measuring devices measure exposure rates in 
Roentgens / hr ( R/hr ) or the new S.I units of Sieverts/hr ( Sv/hr ). But what is the 
meaning of these units? What actually is exposure?
For use in radiotherapy, it is important to know the quantity and quality of radiation being 
used. Quantity refers to the amount given or absorbed. Quality refers to the penetrating 
ability which determines the percentage of radiation which will reach the lesion at a given 
depth below the body surface.
Radiation is emitted from a point source in a straight line, the angle of which varies 
randomly. The intensity of radiation at any given point from the source can be defined as “
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the quantity of radiant energy passing per unit time through a unit of area of the surface 
perpendicular to the direction of the beam at that point.”
I Q
t
where: I = intensity in ergs per cm2.sec
Q = total quantity of radiant energy in ergs passing through a 
surface A cm2, 
t = time in seconds.
Since Q is not a single value but a sum of different energies in a polyenergetic source, the 
International Commission on Radiation Units and Measurements defined the energy 
fluence rate or energy flux density as:
AN *h v
¥  = ----------A a • At
where: AN = number of photons
hv = energy of photons 
Aa = sum of areas 
At = sum of times
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This is equivalent to the term “ intensity “ used above. However, this absolute intensity 
value is not practically used in radiotherapy.
Instead, a measure of exposure rate has been adopted. This measure is based on the effect 
of a certain intensity on ionization in air.
When radiation of a certain intensity passes through a body, a percentage of it interacts 
with it and the rest passes through unchanged. This interaction takes place using the 




causing ionization and excitation.
Because the nature and level of interaction is effected by the type of matter in the body ( 
different thicknesses of skin, fat and bone ), a standard was developed to determine the 
level of interaction through a chosen type and quantity of material.
Historically, there were a number of methods used to determine this quantity. One method 
was to use barium platinocyanide which changes from green to brown when exposed to 
ionizing radiation. The degree of colour change was then measured to determine the
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amount of interaction. Another method was based on the darkening of a photographic film 
or plate by the radiation.
In 1908, Villard proposed a unit based on the ionization of a gas. This was not accepted 
until 20 years later when the Second International Congress of Radiology defined the 
Roentgen as the chosen unit. It was defined in precise terms as “ the quantity of radiation 
producing a definite amount of ionization in a definite, segregated volume of air”.
This quantity is only a small proportion of the energy in the beam. For example, a 1 
Roentgen exposure of X radiation contains photons having a total energy of about 
3000ergs. But in passing through lcc of air at standard temperature and pressure ( 0°C and 
760mm H g) only 0.11 erg is absorbed in the process of ionization.
Thus the exposure is not a measure of the energy of the radiation beam or the energy 
absorbed by the body. This is an important distinction between dose rate and exposure 
rate.
Gamma-Ray Exposure Calculation:
where: a  = activity in Curies
d = distance from source in cm
Tg = exposure rate constant in R.cm /hr.mCi
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THE PRINCIPLE OF COMPENSATION IN MEASUREMENT OF IONIZING 
RADIATION:
Basics of radiation interactions:
Radiation detectors work by measuring the interactions of radiation with the medium 
inside the detector. Interaction of uncharged radiations with matter to produce charged 
particulate radiations is summarized in the following table:
Uncharged Radiation Charged particulate radiation
Neutrons —> Heavy charged particles
( characteristic length = lO^m) ( characteristic length = 10'5m )
X-rays and gamma rays —> Fast electrons
( characteristic length = 10_1m ) ( characteristic length = 10'3m )
Where the arrow represents a catastrophic event converting the uncharged radiation into 
charged particulate radiation which can cause ionization and be counted by a detector.
If the uncharged radiation passes through the detector volume without undergoing this 
event or if the event takes place before the detector volume, it will not be counted by the 
detector.
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It is this case that introduces the need for compensation in order to maintain an accurate
reading.
Compensation:
The principle of compensation used in accurate measurement of exposure states that 
ionization produced outside of the test volume by secondary electrons originating inside 
the test volume shall be balanced with ionization produced inside the test volume by 
secondary electrons originating outside of the test volume.
TEST VOLUME
TEST VOLUME
Figure 12: The principle of compensation
This principle holds true in free air ionization chambers for gamma radiation up to about 
lOOkeV.
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Above that energy, the increased path lengths of the secondary electrons would require an 
impracticably large volume of air which would need to be exposed to the same uniform 
radiation field as the test volume.
In this case, a substitute material is used instead of the air surrounding the test volume. 
These are called “ cavity chambers “
If for example, the air surrounding the test volume was compressed into a smaller volume, 
it would still contain the same number of molecules therefore producing the same number 
of interactions but its volume would be much smaller allowing a uniform radiation field to 
be maintained. It turns out that materials with similar atomic number to air such as 
aluminum or plastics are suitable for this purpose and thus provide reasonable 
compensation properties for gamma radiation above a few keV.
Production of 99Tc from a generator
Because 99Tc has a relatively short half life of 6hrs, it is inconvenient to transport it from 
distant production facilities for use in hospitals. For this reason, many larger hospitals 
have generators to produce 99Tc from its parent nuclide 99Mo with a half life of 67hrs.
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98Mo(n,y)
---)---
"M o  9 0 %  WmTc I T  wTc ( 2 .2 x l0 V  9 9 Ru )
— >—  — / v
T lft =67h 6h
10%
Figure 13: 99Tc generation process
98Mo is produced by (n,y) reaction (i.e. bombarding with neutrons) on "Mo. The 98Mo is 
absorbed on to a column as molybdate from which the technicium is eluted as 
pertechnetate. The decay scheme is illustrated below.
M o  9 9
Figure 14: Decay Scheme for Tc-99
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Scintillator materials can be inorganic crystals, organic liquids or plastic and gases. The 
SRPMkII uses an inorganic crystal, namely Csl (Tl). The different types of scintillation 
materials will be discussed with the advantages and disadvantages of each being 
presented.
Inorganic scintillators:
The scintillation mechanism in inorganic crystals is an effect of the lattice of the crystal. 
Incident particles and photons can transfer energy to the lattice by creating electron-hole 
pairs or taking electrons to higher energy levels below the conduction band. 
Recombination of these electron-hole pairs may lead to the emission of light.
Electron-hole bound states (excitons) are also mentioned. These emit light when hitting 
an activator centre and transferring their binding energy to activator levels, which 
subsequently de-excite.
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To enhance the probability of visible photon emission during the de-excitation process 
where electrons move from the conduction band to the valence band, small amounts of an 
impurity are added to inorganic scintillators. These impurities called activators modify the 
band structure so that energy states exist within the forbidden gap ( figure 15 ) to allow 
electrons to de-excite back into the valence band.
Conduction Band
_______  Activator
band gap - .....-  excited states




Figure 15: Energy band structure of an activated crystalline scintillator
In an activated crystalline scintillator the energy gap is less than the full forbidden gap. 
This transition can give rise to a visible photon and therefore serve as a basis of the 
scintillation process.
In thallium doped Nal crystals about 25eV are required to produce one scintillation 
photon. The decay time in inorganic scintillators can be quite long ( lus in CsI(Tl); 0.62us 
un BaF2 ).
Organic scintillators:
In certain organic substances, the scintillation mechanism is different. A certain 
percentage ( about 3% ) of absorbed energy is emitted as photons. Examples of organic
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substances with this property usually contain aromatic rings such as polystyrene, 
polyvinyltoluene and naphtalene. Liquids which scintillate include toluene or xylene.
The primary scintillation light is mostly in the UV region. The absorption length for UV- 
photons in the scintillation material is very short ( the scintillator is not transparent for its 
own scintillation light). Therefore, the UV light is transferred through a wavelength shifter 
which is added to the scintillation material and acts to convert the UV-photons into longer 
wavelength photons ( e.g. green light). Because the concentration of the wavelength 
shifting material is low, the re-emitted light can move through the scintillation material 
and be detected using a photomultiplier. The spectral sensitivity of the multiplier can also 
be matched to the wavelength shifter emission spectrum. For plastic scintillators, the 
primary scintillator and wavelength shifter are mixed with an organic material to form a 
polymerizing structure. In liquid scintillators the two active components are mixed with a 
scintillator base.
About lOOeV are required to produce one photon in an organic scintillator. The decay time 
of the light signal in plastic scintillators is substantially shorter compared to an inorganic 
scintillator ( e.g. 30ns in naphtalene ).
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ENERGY RESPONSE:
Every radio-isotope has a different energy characteristic curve. This can be described as a 
graph of the number of photons ( N ) emitted at distinct energy levels ( E ).
The curve can be obtained by taking multiple samples at different threshold levels using a 
single channel spectrum analyzer or one sample using a multi channel spectrum analyzer.
Setting of threshold levels is achieved using a discriminator circuit whose function is to 
accept all pulses above a certain pulse amplitude and reject those below the pulse 
amplitude. The difference between the two values is called the window level and is set at a 
value such that photons with only one particular energy are counted in each sample or 
using each channel.
Spectroscopic characteristic of the probe
To understand the ability of the probe to operate in a certain energy window we 
investigated the spectral response of the probe from a Co-57 source. This source has y-line 
122keV which is very close to 99Tc ( 140keV).
This investigation aimed to demonstrate S/N ratio and was used for setup of lower level 
discriminator as described in chapter 5. Measurements were taken at free air geometry 
with a Co-57 source placed under the probe collimator. Signal to noise ratio was 981028 x 
105 using the Aptec Multi-Channel spectrum analyzer.
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Figure 16 represents a typical response of the designed detector for the gamma probe. The 
horizontal axis represents the number of channels. The peak from Co-57 ( gamma energy 
peak = 122keV) occurred at channel 335. This amplification corresponded to 0.365 keV 
per channel. The low energy threshold was setup to approximately 120keV to remove 
noise and contribution of scattered photons due to 99Tc background.
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Figure 16: Energy response characteristic for CsI(Tl) detector:
The FWHM energy resolution was approximately 38%.
It is important for the amplifier used at each threshold level to be linear in order to obtain 
an accurate spectrum. The gain at each level ideally should be the same.
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PHOTOMULTIPLIERS
Photomultiplier Tubes & Photodiodes:
PMT converts extremely small amounts of light ( a few hundred photons) into current 
pulse without large random noise. Different PM tubes are sensitive to energy in UV, 
visible & infra-red regions of the electromagnetic spectrum.
Components of a PMT:
1) Photocathode: is a photosensitive layer which acts to convert incident light into low 
energy electrons
2) Electron multiplier structure: Acts to convert a small pulse of a few hundred photo 
electrons to about 107 -  1010 electrons, sufficient to produce enough charge for a 
usable signal. The amplifier has very good linearity over a wide range. Charge is then 
collected at the anode.
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Converting incident photons into electrons can be viewed in three sections:
i) Absorption of incident photon & transfer of energy to an electron within 
the photoemissive material.
ii) Migration of that electron through a certain photo electron trajectory to the 
surface of the photocathode.
iii) Escape of the electron from the surface of the photocathode.
The energy of the electrons emitted from the photocathode is limited by a number of 
factors:
• The frequency of light emitted by the scintillator crystal according to E=hf. Most 
scintillators emit blue light with E = 3eV.
-------- ^ —t-------  = f  =7.25x10‘14Hz = 413.5nm
4.135x10" 5eF.s •
• The collisions the photoelectron has with the photoemissive material.
• The work function -  inherent potential barrier that must be overcome when an electron 
goes through a material -  vacuum transition.
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Work Function: can be explained in terms of an electric field which holds the electrons 
of the conduction band within a material. Therefore, to be ejected an electron must 
overcome this work function by gaining more energy. The possibility to escape is a 
function of the frequency of the incident light and of the potential difference between the 






Figure 17: Photoelectric current vs Potential Difference
Because of the presence of the work function, there is a limit to the frequency of light 
which can produce energetic enough electrons to escape the surface, even if the energy 
losses through the material were zero. This limit is usually in the red or infra red portion 
of the spectrum ( long X, small f ). Nevertheless, there are losses in the material and these 
vary according to the type of material used.
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For example, if metals are used the energy loss due to collisions is large so the thickness is 
limited because the final energy of the photoelectron cannot be lower than the barrier 
potential. In metals the thickness is limited to a few nanometers.
Semi-conductors have much smaller energy loss but still cannot exceed a thickness of 
about 25nm.
With such small distances involved, it is not possible to completely stop the visible light 
penetrating the material and in the best cases less than half of the incident photons will 
interact with the photosensitive layer.
Conduction Band
Valence Band
Figure 18: Band Structure
In semi-conductors, for an electron to be absorbed into the material its energy must exceed 
that of the energy gap Eg. Once absorbed the electrons quickly lose energy through photon 
interactions ( in about a psec ) until they reach the bottom of the conduction band. The 
surface of the semi conductor has an electron ( negative) potential which is higher than 
that of the bottom of the conduction band by an amount called the electron affinity. 
Therefore the electron must reach the surface in less than lpsec before the photon
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interactions cause it to drop to the bottom of the conduction band. The electron will then 
stay at the bottom of the conduction band for about lOOpsec before dropping to the 
valence band.
B) Spontaneous Electron Emission:
Although the use of semi-conductors allows for a greater thickness through the 
photocathode because of lower energy losses allowing more incident photons to interact 
and move electrons through the material thereby increasing the photosensitivity, there is a 
tradeoff. Thermionic noise exists because the electrons in any material have some 
thermal kinetic energy because of their movement. There is a spread in the distribution of 
these energies although some electrons have higher energies than others. So high in fact 
that it is possible to overcome the surface barrier. Because the surface barrier of semi­
conductors is lower than that of metal, they are susceptible to higher thermionic noise.
Thermionic noise is mostly responsible for dark current and is dependant on temperature 
according to Boltzmann law:
E
N  = e kT
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Photosensitivity can be regarded as the number / percentage of photons required to 
produce a flow of photoelectric current. Therefore the higher the photosensitivity, the 
lower the number of photons required to produce the same photoelectric current.
C) Fabrication of Photocathodes:
Photocathodes are made in two main types: Opaque and semi-luminescent. Opaque 
photocathodes are thicker and have a thick backing. The electrons are collected from the 
surface on which photons are incident. Semi-luminescent photocathodes are thinner and 
have a transparent backing. The electrons are collected from the opposite side to which the 
photons are incident.
D) Quantum efficiency & Spectral Response:
OP _  n o ._ o f _ photoelectrons_ emitted 
no. _ o f _  incident _  photons
Because of the limitations ( barrier potential, energy of incident photons, losses in material 
) practical photocathodes show a maximum QE of 20-30%.
The quantum efficiency is a function of the wavelength of incident spectrum. It is very 
important to match the emission spectrum of the scintillation to maximum quantum 
efficiency at that wavelength.
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Electron Multiplication:
A. Secondary Electron emission:
Fig 19: Cross-sectional view of the first stages of a typical photomultiplier
Electrons leaving the photo cathode material have relatively small energies. By applying a 
voltage between the dynode and the photocathode it is possible to give the electron a much 
greater kinetic energy. This gain in energy is proportional to the voltage difference 
between the two materials.
B. Negative electron affinity materials:













Fig 20: Normal Semi-conductor Fig 21: NEA Material
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NEA materials used as dynodes offer much greater secondary electron yields since 
primary electrons with lower energies have more time to travel through the material and 
still be able to escape because of the absence of the barrier potential.
C. Multiple Stage Multiplication:
In order to achieve gains of the order of 106 multiple dynodes are cascaded together. A 
large number of relatively low energy electrons are produced after each dynode stage. The 
gain (5) of each stage is characteristic of the potential difference (V) between the stages.
The overall gain is given by:
Overall gain =  aSP
Where:
a  = fraction of photoelectrons collected by the photomultiplier structure = 1 
for well designed PMT’s.
5 = gain of each stage.
N = number of stages.
D. Statistics of Electron multiplication:
The application of one single photoelectron to a PMT will not result in the same flow of 
current every time. This is because the emission of secondary electrons is a statistical
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process. There are many models used to estimate this distribution. The most simple is the 
Poisson distribution.
Practical Photomultiplier Specifications
When choosing a commercial solution to ones photomultiplier needs the following 
parameters need to be considered:
• Spectral Response: The photocurrent produced by a given level of light varies 
according to wavelength. The way this photoelectric sensitivity varies is described by 
the spectral response.
• Radiant Sensitivity & Quantum efficiency: Spectral Response is usually expressed 
in terms of radiant sensitivity or quantum efficiency as a function of wavelength. 
Radiant sensitivity: (S)
S  = — ........................... eq (1)
where I = photoelectric current from the photocathode
P(^) = incident radiant power at the given wavelength
Quantum efficiency (QE) as discussed previously is the number photoelectrons emitted 
from the photocathode as a percentage of the number of incident photons.
The relationship between Quantum efficiency and Radiant Sensitivity is:
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where S = Radiant Sensitivity in AAV 
X = wavelength in nm
• Luminous Sensitivity: To measure the full spectral range of each PMT requires much 
time and expense. Manufacturers generally give the luminous sensitivity of the anode 
and cathode instead. The cathode luminous sensitivity is the photoelectric current from 
the photocathode per incident flux ( 10'5 -  10'2) lumens from a tungsten filament lamp 
operated at 2856K. The anode luminous sensitivity is the anode output current ( 
amplified by the secondary emission process) as a function of incident flux. The 
voltage between stages is kept constant when comparing PMTs.
These parameters are useful for comparing tubes with similar spectral response ranges.
• Current Amplification ( Gain ): As mentioned previously,
Overall gain =  aff*
The gain of each stage 5 can be expressed as:
5 = AEZ
where A is a constant
E is the interstage voltage
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z = co-efficient determined by the dynode material ( usually 0.7 -  0.8 )
when a voltage (V) is applied between the anode and cathode, overall current 
amplification ( Gain ) then becomes:
OverallGain = a ( A E z)n
= a U ( - ^ - y
n +1 where V = E.(n+1)
ocAn
(n + \ y n
y zn
= ocKVzn
This equation shows the extreme dependence on the overall current gain of the PMT. 
Therefore, it is extremely important to use a high voltage power supply which has very 
low ripple voltage.
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PHOTOMULTIPLIER CONSTRUCTION:
1. General Configuration: PMTs are manufactured in two main configurations. Side-on or
Head-on. These are shown in the figures below:
( Figures 22 -  32 from “Hamamatsu” -  Technical Characteristics of PMT’s )
The side-on PMT is far cheaper and is usually used for spectrophotometers and general
photometeric systems. It consists of an opaque photocathode ( reflection mode ) and a
circular cage electron multiplier section with good sensitivity and amplification with a
relatively low supply voltage.
Figure 23: The Head-on PMT
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The head-on PMT has a semi-transparent photocathode ( transmission mode ) deposited 
on the inner surface of the entrance window. It provides better spatial uniformity over 
much larger areas which means that the capture area can be greater ( up to hundreds of 
square millimeters).
2. Photocathode: As mentioned, the types of photocathodes used in these two distinctive 
types of PMTs are either reflection or transmission mode. The direction of photon and 






\  PHOTO ELECTRON
Fig24: Reflection mode Photocathode Fig25: Transmission mode
3. Electron Multiplier: The secondary electron multiplication process usually uses 8 to 
19 stages in commercially available PMT’s. There are several structures available.
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• C ir c u la r - c a g e  ty p e :  used for side-on type PMT’s. Features compactness and fast time 
response.
Figure 26: Circular cage type
• B o x -a n d -g r id  t y p e : consists of a row of quarter cylindrical dynodes and is usually used 
in head-on PMT’s. Features include improved uniformity in manufacture but response 
time is relatively slow.
Figure 27: Box-and-grid type
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L in e a r - fo c u s e d  t y p e : Features extremely fast response time and is used in head-on type 
PMT’s where time resolution and pulse linearity are important.
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Figure 28: Linear focused type
V en e tia n  b l in d - ty p e :  Features large dynode area and is mostly used for PMT’s with 
larger photocathode areas. Offers better uniformity and larger pulse output current 
although time response is relatively slow.
Figure 29: Venetian blind type
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• M e sh  ty p e :  Has a structure of fine mush electrodes stacked closely together. Provides 
high immunity to magnetic field and good uniformity and high pulse linearity. In 
addition, it has position sensitive capability when used with multiple anodes.
Figure 30: Mesh type
• M ic ro C h a n n e l p l a t e  (M C P ): consists of a thin disk with millions of micro glass tubes ( 
channels ) fused in parallel with each other. Each channel acts as an independent 
electron multiplier. Offers much faster time response and also features good immunity 
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• M e ta l  c h a n n e l ty p e :  Fine machined metal dynodes offer smaller spaces between
stages. This provides high speed response and is also adequate for position sensitive
measurement with multiple photocathodes.
The Photomultiplier is one of the important parts of the probe. The light pulses from the 
CsI(Tl) scintillator ( 40,000 photons / IMeV deposited energy) are fed through a light 
guide to the PM. A head-on configuration was chosen.
The main requirement for PM choice was spectral sensitivity. For CsI(Tl) the maximum of 
spectral emission is about 0.55um. Most commercially available photomultipliers have a 
maximum photocathode sensitivity of about 0.42um which matches well to scintillators 
such as Nal(Tl), BGO and LSO.
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100 200 300 400 500 600 700 800 900
WAVELENGTH (nm)
Figure 33: Matching photomultiplier spectral response to scintillator wavelength 
( From “Hamamatsu” -  H5784 Data sheet)
For our application we selected a Hamamatsu Model H5784 photomultiplier with the 
following specifications:
1) Voltage input: +/- 11.5V to +/-15.5V
2) Radiant sensitivity (at 420nm) -  21 uA/nW
3) Dark Current (typical) -  0.5nA
4) Induced Ripple in output signal -  2mVp.p
5) Frequency Bandwidth 0-20kHz
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6) Photosensor Spectral Response -  300nm -  650nm as shown above
7) Control Voltage : 0.25V -  0.95V
From Figure 29 we can see that the spectral response of the selected PM match very well 
to CsI(Tl) scintillator light. This improved the signal to noise ratio for the probe increasing 
sensitivity of low activity and low energy photons although main application in mind was 
99T c with gamma energy of 140keV.
The Control Voltage is used to adjust the sensitivity of the PM as shown below:
0.1 0.2 0.4 0.6 0.8 1.0
CONTROL VOLTAGE (V)
Figure 34: Electronic Sensitivity adjustment 
( From “Hamamatsu” -  H5784 Data sheet)
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The probe has a potentiometer inside the handle to adjust the control voltage. It was used 
when calibrating the output counts to a 0.9uCi ( 33kBq) Americium-241 calibration 
source. The voltage adjustment was wired as shown below:
SIGNAL OUTPUT H5784
Figure35: Control Voltage Potentiometer Connection
The PM was optically attached to the light guide ( in our case glass covered by an 
aluminium foil reflector). The choice of such a light guide was made because of 
economical reasons, the size required to match the PM window and the crystal and to 
ensure maximum light collection from the CsI(Tl) crystal.
An alternative approach would have been to use a bundle of optical fibres. But this 
approach would reduce the amount of light from the crystal to the PM due to limited 
acceptance angle.
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Cladding = ncl
Core = nc
Figure 36: Limited acceptance angle in fibre optic setup




In our design all photons reaching the light guide will be accepted because the glass was 
chosen such that nc ~ ncsi(Ti) and instead of cladding we used a foil reflector on the wall of 
the light guide. If we neglect the air gap between the aluminium foil and the surface of the 
glass core, we can consider the foil as an ideal reflector ( n = 0 ). In this case, the angle of 
acceptance = 90°. i.e any photons reaching the core will be propagated.
For improvement of efficiency of light collection, the opposite side of the CsI(Tl) 
scintillator was covered with a teflon coating to reflect light back into the light guide. It 
improved on average 30% photon yield of the probe.
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Aluminium foil
Figure 37: Assembly of light guide channel
Optical grease was used to maintain optical contact between the crystal & light guide and 
light guide & glass envelope of the PM.
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CHAPTER 5
ELECTRONICS AMPLIFIER & READOUT DESIGN
The circuits in this chapter represent the major component circuits used in the design of 
the electronic readout system. The design, testing and optimisation of each module of the 
system were performed by the author of this thesis during his work at Gammasonics 
Institute for Medical Research.
The main block diagram used to design the system is initially presented followed by a 
detailed description of operating signals including intended control signals and circuit 
functionality. This chapter presents the electronic verification and design procedures used. 
Chapter 6 extends this verification to the measurement of radiation through a set of 
experiments designed to demonstrate key characteristics of probe performance which 
modeled practical situations in lymphoscinitigraphy.
The circuit diagrams were drawn by the author using the Protel software package for 
design of schematics and PCB layouts. Production, modifications and testing were 
performed by the author in conjunction with Gammasonics Institute for Medical Research.
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Figure 38: Block Diagram
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The surgical probe amplifier system can be sub divided into two main components: an 
analogue channel and a digital channel. The operation of these components is outlined on 
the functional block diagram.
Following is a detailed description of the amplifier system. I will start with the analogue 
channel since all other parts are based on signals derived from this channel.
Analogue Channel:
Before analyzing how the amplifier manipulates the input signal, it is important to observe 
how the input signal changes when measuring different radiation energies. Measurement 
of radio isotopes involves two main values -  activity and energy. The detector expresses 
activity in the form of a count rate. e.g. counts per minute “CPM” or uSv/h. Gamma ray 
energy is represented by the height of the pulse. The response of the detector i.e. the 
energies which the detector is sensitive to is dependent upon the scintillation material.
The SRPMkII uses a CsI(Tl) scintillation crystal which is optically coupled to a 
Hamamatsu H5784 photomultiplier tube. The data sheet for this photomultiplier is 
included in Appendix B.
The H5784 contains a stable high voltage supply which is driven from +12V & -12V 
supply rails. It also has a GND input and a signal output.
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The signal output was measured on the oscilloscope using Americium, Cobalt and Cesium 
to observe the response over a large range of radio isotope energies. The output pulses 
from the PMT were measured to have maximum amplitudes between 3mV (Americium) 
and 12mV(cesium) over the range of energies. Operating at such low signal voltages 
required a stable power supply to avoid noise which corrupts the signal. The H5784 
allowed for this. Some problems were first experienced with interference in the cable 
connecting the probe to the amplifier. Because of the relatively long length of cable (3m) 
required to reach the patient in surgery, electromagnetic interference from high fields in 
the transformers of fluorescent lights was creating interference in the low amplitude signal 
cable producing inaccurate high readings. The addition of highly shielded cable eliminated 
this interference. Other sources and methods of prevention of EMF radiation interference 
is discussed later in the chapter.
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The voltage inputs to the photomultiplier are +/- 11.5VDC to +/-15.50VDC allowing more 
freedom in the design of the external power supply. High voltage to the PMT is adjustable 
through an internal POT and is calibrated to read 180counts/3sec using a 0.9uCi 
Americium check source.
Once the signal reached the amplifier input, it had to be transformed into a usable form so 
that it could be displayed on the analogue rate meter and on the digital counter display. 














IDC1: Input from detector 
Figure 40: Pre-amplifier stage
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Notice the coupling capacitor C41 to remove any possible DC components from the PMT. 
The +12V and -12V power supply rails are also LC filtered to provide a low noise, highly 
stable supply with low ripple voltage.
From the pre-amplifier stage, the signal was passed to a voltage comparator with reference 
voltage controlled by the 5OK ‘sensitivity’ POT on the front panel. Throughout this 
project, there have been numerous references to “energy windows” in detectors. An 
energy window is formed by a circuit with two threshold energy levels -  an upper 
threshold and a lower threshold.
__________________________  Th
----------------------------------------  TL
The circuit designed to handle the two thresholds is called an energy discriminator. Its 
function is to accept all pulses with amplitude above the lower threshold TL and reject all 
pulses with amplitude above the upper threshold Tr. This type of system is most common 
in single channel spectrum analyzers where a precise count of the number of interactions 
at a certain energy level is required.
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In this project we were discussing only a lower level discriminator which rejected all 
pulses below a threshold Tl and accepted all pulses above Tl. This was sufficient for our 
application since the detector was designed to be used with Tc-99 with a corresponding 
energy of 140keV. Since no higher energy sources were present, we did not expect to get a 
reading due to higher energies. The function of the lower level discriminator was only to 
reject noise and scattered radiation with lower energies.
Therefore, using the lower threshold adjustment ( labelled sensitivity) on the front panel 
pulses corresponding to energies below a certain level (E) were accepted but single energy 
level pulse heights were not selected.
IDC2: Voltage input to POT 
IDC3: REF input to POT 
IDC4: GND input to POT
Figure 41: Pulse height comparator circuit
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The output of the comparator was a logical pulse +5 V for further processing. The 
normalisation ( forming of pulses ) after shaper/amplifier simplified further circuitry to 
achieve our aims.
At the next stage, the input pulse still had a width proportional to the input signal. For 
processing and counting the pulses, it was necessary to convert this signal to a uniform, 
narrow pulse width signal. A 74HC221 Dual non-retriggerable monostable multivibrator 
was used for this purpose as shown below.
R19
IC18 : A 
74HC221
C32









FPULSE: signal with varying pulse width according to frequency of IDC17
Figure 42: Pulse width converter circuit
The non-retriggerable multivibrator had an output pulse width whose value was set by the 
external resistor capacitor combination ( R19 & C l5). The data sheet on 7 4 H C 2 2 1  is 
included in appendix A.
The AC FPULSE signal was then put through a low pass filter. The time constant of this 
filter was set by an external switch on the front panel labelled Response: Slow / Fast. The 
DC signal was then further amplified, integrated and output as SIGCONDIN
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Figure 43: Conversion of FPULSE to DC signal with time response dependent on
Cl 1,C12
The DC SIGCONDIN signal was then passed through a non-linear ( piecewise linear ) 
amplifier used to adjust for different gains at different count rates for the analogue meter 
output.
The circuit consisted of a logarithmic alternative scaling system with two gain settings 
adjustable by variable resistors P2 and P I. P2 controlled the zero level of the output while 
P1 controlled the point at which the gain was changed.
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Figure 44: Non-Linear amplifier used to generate analogue meter scale reading 
The gain characteristic of this amplifier is shown below:
Voltage corresponding SIGCONDIN
To 1000CPS
Figure 45: Amplifier gain characteristic curve
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This characteristic allowed for higher output signals at lower count rates. The design of 
the panel meter scale was such that lower count rates were spread over a larger area of the 
scale. This allowed for a clearer distinction between changes in low count rates.
The above circuits formed the core of the signal processing operation of the analogue 
channel. The remaining circuits included implementation of the following essential 
functions:
A) Slow Start Circuit: To avoid abrupt changes in supply voltage to the PMT at startup, 
a slow start circuit had been designed to limit the current to the PMT until the voltage 
















Figure 46: PMT slow start voltage circuit
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The specifications of the PMT gave an input range of +/- 11.5VDC to +/- 15.50VDC. 
Applying voltages outside this range may damage the PMT. In the circuit above, P3 was 
used to adjust the current at which the 5V Active relay was switched on. Once the +12V 
supply which moved from OV -  12V at startup reached about 11.7V, the relay was 
activated and switched the PROBE 12V supply to the 12V rail applying full current at 12V 
to the PMT
B) Sound: When using the SRPMkII in surgery, the surgeon relies not only on the 
analogue and digital visual display outputs -  but to a large extent on the sound -  to 
distinguish between points of high and low activity. The SRPMkII has an alarm 
feature which changes the sound output when the activity exceeds a value set by the 
user. This can be set to a level optimal for detecting significant areas of interest in the 
patient. The alarm threshold was set digitally and will be discussed in the next section.
The following amplifier using power transistors BD649 and BD650 in a push-pull 
configuration was used to drive the speaker:
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Figure 47: Audio Amplifier for driving sound output
C) Power Supply: When designing the power supply and battery charger circuit, current 
consumption and maximum time in surgery had to be considered to choose an 
appropriate battery size. The unit could also be run off mains power but this option 
required numerous safety measures and changed the category of the device when 
testing for CE marking so a battery operated version was adopted.
A sealed lead acid battery was chosen with a 7Ah capacity. The unit current
consumption is about 600mA. A large proportion of this drawn by the LED display
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The average time of the surgical procedure is l-2hrs but may be up to 4hrs in some 
cases. The use of such a large battery has proven to be overkill and since then, a SLA 
battery with about half the capacity has been adopted to reduce the weight of the unit 
while still providing adequate power.
The battery charger was designed with a current limiting circuit to prevent 
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Figure 48: Current Limiting Circuit
The IC’s on board required supply rails of+12V, -12V & 5V. The -12V was supplied 
using a MAXIM765 chip and filtered as shown below.
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Figure 49: MAX765 IC used to supply-12V rail 
5 V was supplied by +7805 voltage regulator.
Digital Channel:
The digital channel ran concurrently with the analogue and was used to provide the 
following functions:
1) Timing control -  for continuous / single mode operation
2) Drive the counter and 7 segment 6 digit LED output display
3) To set and compare the alarm level.
1) Timing control:
The clock signal was derived from a 4.194MHz oscillating crystal which formed the 
input to a 7213 precision clock and reference generator. This produced an accurate 
pulse every 1 second.
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Figure 50: Clock and Reference Generator
Timing signals for 3,5,7 seconds were then generated using a 4017 decade counter / 
divider by driving the CLK input from the 1 second pulse and setting enable LOW.
10 sec, 20sec, 30sec and lmin were then generated using another 4017 and feeding the 
carry output from the first decade counter to the second CLK input.
Figure 51: Generation of timing signals
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The reset to the decade counter was then fed back through a rotary switch on the front 
panel which selected the chosen time period (T) or through a manual reset switch on 
the front panel.
2) Drive the 7segment 6 digit LED display and counter:
The following signals were required to run the display:
• LATCH: High -  freezed the display only with the counter enabled, Low -  display 
updated with each count.
• GATE: High -  counter enabled, Low -  counter stopped.
• RESET: Low to High transition set counter back to zero and updated display.
• CLK: Low to High transition updated counter.
These signals were made available by the following circuits:
The SRPMkII had two modes of operation: Single and Continuous
Single mode:
Displayed counts for a period set by the rotary switch on the front panel and then stopped. 
It could only be reset again by the user, using RESET pushbutton switch on the front 
panel.
It required LATCH to be held LOW constantly. This was done using a 2 pole switch 
labelled single/continuous on the front panel.
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It required GATE to be held HIGH until the period (T) was reached. The GATE was then 
set LOW.
Figure 52: Gate control circuit for single mode operation
GATE was controlled either by the TIME signal described previously or could be set 
LOW at any time using a manual STOP push button switch on the front panel.
RESET was controlled by a manual switch on the front panel. CLK had a transition 
whenever an input pulse was detected.
Continuous Mode:
Constantly updated the value on the display every T seconds. It required the following 
signals:
8 2
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Figure 53: Latch control circuit for continuous mode operation
GATE was held HIGH until the period T was reached. The GATE was then set LOW as in 
single mode. When GATE went LOW, RESETFF current had a path to flow through 
AUTORESET 1 and AUTORESET2 due to one-shot IC9 activated by the TIME signal 
and RESET was set HIGH to reset the counter and begin counting the next period T. The 
cycle was then repeated.
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Figure 54: Continuous mode timing
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3) Setting and Comparing Alarm Level:
The alarm level was set using an Analogue to Digital Converter (ADC) IC1- 4040 and 
storing the value in a Digital to Analogue Converter (DAC) IC2 -  AD7530. The alarm 
was set by a manual push button switch on the front panel which latched the current 
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Figure 55: Alarm Set and Compare Circuit
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The current reading SIGCONDOUT was then constantly compared to the stored alarm 
level ADCOUT using IC8 -  LM311 which asserted signal ALARM if SIGCONDOUT 
exceeded ADCOUT.
8 6
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CE MARKING
To broaden available markets for the SRPMkII and sell the product in Europe, it was 
necessary to obtain a CE marking. Products falling under the European Medical Device 
Directive ( MDD ) must be CE marked for sale within the European Union. The SRPMkII 
was subjected to the relevant testing for the applicable EU directives including electrical 
safety testing, electromagnetic compatibility, manufacturing in accordance with IS09002 
quality assurance standard, risk analysis and necessary clinical data.
The steps involved in this process are outlined below: [20]
Step 1: Identifying the product as a medical device according to the MDD
There are numerous requirements for a device to be classified a medical device. In our 
case, the applicable definition was: Any instrument, apparatus, material or other article, 
whether used alone or in combination, intended by the manufacturer to be used for human 
beings for the purpose of diagnosis, prevention, monitoring, treatment or alleviation of 
disease ... and which does not achieve its principal intended action in or on the human 
body by pharmacological, immunological or metabolic means, but which may be assisted 
in its function by such means.
Step 2: Device Classification
Medical devices are classified as Class I, Ha, lib, or III under the MDD. Each class has a 
different set of rules governing the procedure to be taken -  called the conformity 
assessment route to obtain CE marking. The SRPMkII was identified as a class Ha device.
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Step 3: Conformity Assessment Route
There are numerous complex conformity assessment rules that must be followed. The 
path is varied however and it was up to us as manufacturers to choose a path most 
appropriate for our needs and most suited to show that our product is in accordance with 
the MDD. We chose the following path:
1) MDD Annex VII
2) Product testing
3) MDD Annex V
4) Production quality system to IS09002
5) CEMARK
6) Follow up auditing
Step 4: Quality System
As part of the next requirement, it was necessary to have the companies quality system 
audited by the selected notified body. In Australia, the selected notified body has been 
appointed as the TGA ( Therapeutic Goods Association). The quality system involved not 
only factors specific to the product itself but it was also necessary to ensure that 
Gammasonics Institute for Medical Research Pty Ltd and the procedures it follows as a 
whole were compliant to IS09002 quality standards. This was a time consuming process 
involving both internal and external audits.
8 8
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Step 5: Product Testing
There is a list of essential requirements which draws on data from the European Standard 
concerning medical devices that had to be followed for product testing. The SRPMkII was 
sent to a testing authority -  Testing and Certification Australia ( TCA) for electrical 
safety testing to ensure that the product was electrically safe. This required several actions 
to be taken including the addition of relays to isolate the handheld probe from the unit in 
case there was a leakage from the battery charger connected to mains. Several warning 
symbols and written warnings in the instruction manual were also required. 
Electromagnetic safety testing was performed internally using a combination of common 
EM emitting devices to measure the SRPMkII’s immunity to EM and a receiver to 
measure emissions from the SRPMkII.
Step 6: Risk Analysis
The manufacturer must carry out and document a risk analysis. A risk analysis is a list of 
possible risks that are associated with a product. These may effect the final user or the 
environment in which the device is operated. Documentation must identify these risks and 
describe methods of reducing them or handle them if they should occur. This is usually an 
initial step in the design of a product but in the case of the SRPMkII, it was not done 
originally a reverse engineering process was put in place.
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Step 7: EU representative
A European representative was found to handle distribution of the product as well as 
complaints handling and a venue to pass service back to Gammasonics -  the 
manufacturer.
Step 8: Technical Documentation
Technical documentation including full schematics, PCB layouts, wiring diagrams as well 
as producing procedures were prepared.
Step 9: Notified body
The prepared documentation was submitted to the TGA -  the notified body in Australia. 
The TGA then conducted an audit on quality systems, checked that the device was tested 
against the appropriate standard, assessed compliance with the essential requirements of 
the MDD and assessed the risk analysis and technical documentation.
Once all these steps were completed, we were given the CE marking which allowed us to 
explore the possibility of export to European markets.
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Electromagnetic Compatibility in Medical Devices:
Electromagnetic interference is a real phenomenon which is dependent on the 
environmental conditions a device is operated in. The Medical Device Directive which is 
used as a guide for CE marking covers EMC as a major conformance issue. The reason for 
its importance follows:
Firstly, EMC refers to two main points: emissions and immunity. Emissions cover the 
ability of a device to operate without interfering with other systems while immunity 
covers the ability of the device to operate as intended within a specified electromagnetic 
environment.
The hospital environment in which the surgical probe is to be used is not free from EM 
emissions. There are a number of commonly used devices in surgery with significant 
electromagnetic emissions. These include:
• Thermiknife
• ECG machine
• Cathode-ray tube monitors
• Patient monitoring equipment
The medical equipment should be designed to withstand the electromagnetic radiation 
level described in the standard. IEC601-1-2 for Europe or the equivalent Australian
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standard AS3200.1.2 which safely cover the possible exposures experienced in this 
environment.
The Three Elements of an EMC Problem
There are three main elements to any EMC problem. There is a source of electromagnetic 
radiation, a receiver that cannot function properly due to the electromagnetic phenomenon, 
and a path between them that allows the transmission of the signal. Each of these three 
elements must be present although they are not easily identified in every situation. 
Electromagnetic compatibility problems are generally solved by identifying at least two of 
these elements and eliminating (or attenuating) one of them.
In the case of the surgical probe, possible sources of EM emissions were from the 
electronics ( specifically the crystal oscillator working at 4.16Mhz) and also the 
photomultiplier which amplified signals at high voltage. Commercially available 
Photomultipliers are generally well shielded ( Refer to the Hamamatsu specification of RF 
shielding on the data sheet for more information about the shielding of the photomultiplier 
used with the SRPMkII).
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Once identified, a number of measures can be taken to minimise the effects of EMI: 
Shielding, filtering, or rerouting cables, and filtering or redesigning the circuit are some 
possible methods of attenuating the coupling path.
With general electronic equipment potential sources of electromagnetic compatibility 
problems include radio transmitters, power lines, electronic circuits, lightning, 
lamp dimmers, electric motors, arc welders, solar flares and just about anything that 
utilizes or creates electromagnetic energy. The standards put in place to protect against 
these situations can be viewed as fastidious to some, especially to businesses interested in 
manufacturing products which have been proven to work in their intended environment 
through extensive research, but nevertheless should be followed to ensure correct 
operation in the worst case situation.
Methods of coupling electromagnetic energy from a source to a receptor fall into one of 
four categories.
1. Conducted (electric current)
2. Inductively coupled (magnetic field)
3. Capacitively coupled (electric field)
4. Radiated (electromagnetic field)
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Coupling paths often utilize a complex combination of these methods making the path 
difficult to identify even when the source and receiver are known. There may be multiple 
coupling paths and steps taken to attenuate one path may enhance another.
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CHAPTER 6
EXPERIMENTAL RESULTS
General Notes on Experiments:
Note on errors:
The results presented in this chapter are occurrences of counting events, namely photon 
interactions. Since the probability of an event occurring in a small time interval is small 
and the occurrence of one event has no influence on later events, then the spread of the 
number of events occurring in a fixed time period can be described by a discrete 
distribution called the Poisson distribution. [ 35 ]
A simple relationship then exists between the mean of the number of counts ( N ) and the 
standard deviation ( a ) ,  a  = 4 n  .
Thus if N is the number of counts recorded in a single measurement, then its value must 
be regarded as our best estimate for the true value of the number of counts and the
standard deviation ~ y[N  . This relationship has been used to calculate the errors in the 
following experiments with fair assumption of a Poisson distribution for the reasons 
outlined above. Error values were kept at four significant figures to avoid loss of 
normalised error data.
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DIRECTIONALITY:
In the application of a surgical probe a precise instrument that is extremely direction 
dependent was required. The angular response to a point source should be such that the 
location of the source can be identified with minimum error when the angle of the detector 
is changed. Also, interference from any possible sources in the vicinity of the point of 
interest should be minimal. The following experiments were designed to investigate the 
angular dependence of the designed collimator and response of the scintillator detector 
using two sources: Co-57 amd Am-241.
EXPERIMENT 1: Angular Response Function
Figure 56a: Experimental setup 1 showing position of detector relative to the 
Am-241 source and angle of detection ( 0 ) measured from the horizontal.
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Figure 56b: Experimental setup 1 showing position of detector relative to the 
Co-57 source and angle of detection ( 0 ) measured from the horizontal.
Methodology:
The probe was placed in a specially designed holder in order to move the angle of the 
detector face from 0 -  90° accurately. The collimator was applied directly to the surface of 
the source at 90° to the horizontal.
The sources used had the following specifications:
- Am-241: ( gamma energy = 60keV ). Check source with activity = 0.9uCi = 33kBq
and dimensions:
Figure 57: Am-241 source geometry
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This source was considered as a point source due to its small size relative to the detector 
face.
- Co-57 : ( Gamma energy = 122keV ) Sealed source in plastic container with activity =
17MBq and dimensions:
FRONT VIEW SIDE VIEW
Figure 58: Co-57 source geometry
The depth of the Co-57 source in the sealed container was not exactly know, but this 
source was considered suitable to demonstrate the angular response and shielding of the 
collimator.
The angle of detection ( 0 ) was adjusted in 10° increments using the probe holder and the 
measured count rate at each angle was recorded. An angular response function E(0 ) was 
then plotted from this data. First, this test was performed with Am-241, with the detector 
face directly on the source at 0 = 90°.
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Results:











Table 1: Angular Response : Am-241
Angular Response - Americium
Figure 59: Reading vs Angle of incidence : Am -241
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Next, the same procedure was followed with the Co-57 source. Moving the detector from 
0 to 90 degrees angle of incidence to the source. The discriminator threshold was also
adjusted to approximately 70keV to reduce effects of scattering radiation from Co-57.











Table 2: Angular Response : Co-57
Angular Response - Cobalt 57
Figure 60: Reading vs Angle of incidence: Co-57
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To compare the angular responses of Co-57 and Am-241, the readings were normalised 
and plotted on the same set of axis.
Normalised Angular Response
A m -2 4 1  - « - C o - 5 7
Figure 61: Normalised angular response -  showing comparison between Co-57 and 
Am-241 readings
Analysis of Results:
The response of the probe was symmetrical for angles 90° -  180° and data presented only 
for 0°- 90°. The error bars for Co-57 were not visible on the normalised plot due to much 
higher number of counts due to the higher activity of the source.
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Ideally, the probe should only measure radiation directly perpendicular to its detector face. 
This was not the case in our results because of photons reaching the scintillator through 
the collimator.
Figure 55 shows that Am-241 had relatively higher readings below 50° angle of incidence 
compared to Co-57. This was not expected because Am-241 has lower photon energy and 
therefore the collimator would be more effective. This was attributed to the geometry of 
the source. The Co-57 sealed source was deeper in the plastic container than the Am-241 
source which was directly on the face of the detector.
This geometric difference was unavoidable and was not ideal for comparing the two 
sources directly. However, the experiment was still effective in showing the angular 
response of the two sources to be suitable for our application due to approximately 50% 
reading at 50° angle of incidence.
1 0 2
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EXPERIMENT 2: Measurement of tungsten collimator effectiveness in preventing 
lateral interference from nearby sources
Figure 62: Experimental Setup 2 showing the position of the probe relative to the source 
and distance moved ( x ).
Methodology:
The probe was placed in a special holder to keep its position constant - with the face of the 
detector perpendicular to the surface as shown in figure 62. The geometry of the sources 
was the same as described in experiment 1.
The effectiveness of the tungsten collimator was measured by changing the distance ( x ) 
of source to the probe and recording the reading at each interval. The probe was placed 
perpendicular to the source axis of movement. This was repeated for Am-241 and Co-57
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to examine the response over different energies. The discriminator threshold was set to 









Table 3: Reading vs Distance from Source for Am-241
Source Interference - Americium
Figure 63: Graph of Reading vs Distance from Source for Am-241
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The same procedure was then followed for Co-57 with the discriminator threshold










Table 4: Reading vs Distance from Source for Co-57




















Figure 64: Graph of Reading vs Distance from Source for Co-57
The results were then normalised and plotted on the same set of axis to compare the 
response from the two different sources:
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Normalised Reading vs Distance
Distance ( x ) 
— ■ — Am-241 Co-57
Figure 65: Normalised readings for Am-241 and Co-57 as a function of the distance 
between the probe and the source (x).
Analysis of Results:
The expected response for the designed probe curve would be a sharp symmetric function 
with maximum corresponding to the zero position, i.e. with detector directly over the 
source. Figure 63 showed that for Americium, the number of counts reduced to 50% of 
maximum at 0.3cm from the zero position, while for Cobalt 50% of maximum was 
reached at approximately 2 cm. The larger distance for Cobalt was due to the higher 
energy of the source, therefore a longer penetrating distance.
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Interference from nearby sources was minimized by the design of a collimator made of 
tungsten around the crystal at the tip of the probe. The use of tungsten, a better attenuator 
of gamma rays than lead allowed for a smaller probe tip adding to ease of use ( free 
movement).
2.48mm THK 2.48mm TEK
Figure 66: Tungsten tip shielding design
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Experiment 3: Discriminator effectiveness in reducing interference from scattered 
radiation and attenuation through tissue equivalent materials
The aim of this experiment was to study the efficiency of the energy discrimination 
threshold to avoid scattered radiation for different tissue equivalent materials. The 
material compositions had equivalent electron density to soft tissue, fat and bone. This 
included the use of two sources:
• Americium-241 with an energy of 60keV and activity of 33.3kBq.
• Cobalt-57 with an energy of 122keV and an activity of 34.3MBq.
Methodology: The probe was placed on top of the phantom material which was directly 
above the source. The source was placed inside a lead container as shown if figure 67. The 
measurements were taken for different thicknesses of phantom material. For each 
thickness, the average counts were calculated out of 3 measurements.
Tissue equivalent material
Am-241 Source / Co-57 source
Lead Container
Figure 67: Experimental set up using Co-57 isotope
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Figure 68: The phantom materials utilized during the experiment
Results:
The unit was set to display the total number of counts over a 3-second period. First, the 
energy threshold adjustment was set to 10 on the front panel -10 to +10 division scale 
corresponding to “0” level discriminator. This provided an energy window over the largest 
range.
Americium-241 with 60keV photon energy and activity of 33kBq was measured at 
different distances in air, solid water, fat and bone equivalent material. The results are 
given in Appendix B and are plotted below:
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Count Rate vs Distance 
Source: Am-241; Threshold: 10
Figure 69: Normalized Nc for different materials using Am-241 source & Threshold = 10
It was seen from Figure 69 for thickness less than 10mm, the response of the probe for 
bone, solid water and fat equivalent materials were higher than the response in free air 
geometry at the same distances. This was due to the higher contribution from lower energy 
scattered gamma rays at distances closer to the source. At distances greater than 10mm, 
the contribution of scattered radiation was lower and the number of counts was lower than 
in air due to attenuation through the phantom materials.
Next, using the same setup Cobalt-57 withl22keV energy and 34.3MBq activity was 
measured at different distances with the same discriminator threshold setup. This was 
designed to demonstrate the contribution of build up of scattered radiation with the lower 
threshold set at its minimum value.
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Count Rate vs Distance 







Figure 70: Normalized Nc for different materials using Co-57 source & Threshold = 10
In contrast to Figure 69, the count rate vs phantom material or air thickness was different. 
For Co-57, in both situations ( air or phantom material), the role of scattered radiation 
was much more essential due to the higher energy of scattered photons in comparison with 
Am-241. Most scattered photons in the case of Am-241 were lower than the non­
adjustable energy threshold set by the amplifier design ( P4 on the pre-amplifier stage ) 
and thus did not contribute to the count rate.
In the case of Co-57 the essential number of scattered photons had a higher energy than 
the non-adjustable threshold and effectively contributed to the count rate. It was obvious 
to expect that this contribution was much greater than for free air geometry.
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Figure 70 showed the contribution of scattered radiation to the count rate at distances less 
than about 8mm. The percentage of count increase was much larger than with Americium 
because of the higher energy of Co-57. This meant that the proportion of scattered 
radiation with lower energies was much greater due to the low threshold cutoff of the 
amplifier. At distances greater than about 8mm, the contribution of scattered radiation 
dropped off because of the lower probability associated with increasing the distance from 
the source and the readings were lower than in free air geometry because of the 
attenuation of the 3 materials. The relative contribution of back-scattering in air was more 
for Co-57 than for Am-241. This explains the difference in relative behaviour of curves in 
Figure 69 and Figure 70 for distances above 10mm.
Next, to demonstrate the effectiveness of the discriminator circuit, the threshold was 
adjusted using the POT on the front panel. This was achieved by observing the number of 
counts using an Americium check source and increasing the threshold level until the 
number of counts was zero. This level was at a dial value of 7 corresponding to a cut off 
of approximately 70keV.
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Count Rate vs Distance 
Source: Co-57; Threshold: 7
I I I I I I------------------------------------ 1------------------------------- i
0 2 4 6 8 10 12 14 16
Thickness (mm)
Figure 71: Normalized Nc for different materials using Co-57 source & Threshold = 7
From Figure 71 we could see that the peak at distances less than 8mm apparent in 
Figure 70 had disappeared. This showed that the discriminator was indeed effective in 
removing counts associated with lower energy scattered radiation. The counts were lower 
than free air for all distances because of the attenuation through the 3 tissue equivalent 
materials.
This experiment was important to understand the role of build up ( scattered radiation ) on 
the response of the probe. The experiment with Co-57 was a good model of the situation 
in lymphoscintigraphy because of the close photon energy to Tc-99 and the presence of 
tissue equivalent materials modelling different depths under possible different tissues ( fat,
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muscle, bone ). We can see from this experiment that the contribution of scattered 
radiation for broad surface bodies to the probe response will be similar and independent of 
the type of tissue. For reduction of back-scattered radiation, the energy threshold was 
designed as adjustable.
Experiment 4: Model of Sentinel Node in close proximity to tumour injection site
Aim: To investigate the technical performance of the designed gamma probe. The 
experiment was conducted in a water phantom with two sources modeling the injection 
site and sentinel node (SN).
Methodology:
The important characteristic of the probe is recognition of final activities of Tc-99 isotope 
in the SN with the presence of background activity from the modeled injection site.
To model the clinical situation with different locations of SN and different background 
levels from the injection site, we used a water phantom with two Tc-99 sources at 
different distances and depths between them. The top view of the water phantom is shown 
in figure 72.
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Figure 72: Experimental setup: Top view of the water phantom with two Tc-99 sources: 
A - injection site,
B - uptake by sentinel node
Sources A & B were taken from a Tc-99 solution prepared at the Nuclear Medicine 
Department of Royal Prince Alfred Hospital. The activities of the sources were:
A - 12MBq,
B - 1.2MBq
Thus a node to injection site (N/I) activity ratio of 1:10 was used for the measurements. 
This was considered a good indication of average N/I activity ratios found in SN 
localisation procedures. [ 3 ]
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The position of source A was fixed to the front Perspex wall to provide a reference point 
for all other measurements. The position of source B relative to A was denoted the upper 
case letters X and Y. X represents the lateral distance between the sentinel node and the 
injection site while Y represents the depth of the sentinel node. The position of the probe 
was represented by the lower case letters x and y.
We measured the probe response as a function of location across the wall of the water 
phantom and with changing depth of source B. The probe was scanned with a 10mm step 
which was lowered to 5mm around specific areas of interest.
Source B was moved to different X and Y positions and measurements were taken at each 
position with the intent of finding a local maximum which would make identification of 
the modeled sentinel node possible despite a background reading from the modeled 
injection site. Measurements were repeated with an extra collimator specially designed for 
use with higher activities of injected Tc-99 isotope in nuclear medicine ( pre - surgery) to 
examine the effectiveness of this collimator.
The two different collimators that were tested are shown in the figure below:
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Figure 73 a: Standard tungsten collimator
2.8mm
Figure 73b: Extra collimator with narrower opening and thicker tungsten for greater 
shielding.
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To reduce the effect of scattered radiation on the spatial resolution of the probe we set the 
discriminator level to about 70keV. This level was considered sufficient for Tc-99 with a 
gamma energy of 140keV. The digital readout was set to display counts / 3sec.
Results:
Firstly, the effectiveness of the extra collimator was evaluated at different values of x and 
y as shown below:
Exp5C - X =40mm; Y=60mm
x (mm)
|—x— no extra collimator —»—extra collimator |
Figure 74: Comparison of the effect of the two collimators on probe response for location 
of SN-source at X=40mm and Y =60mm.
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Figure 74 demonstrates the response of the probe with source B at position X = 40mm, Y 
= 60mm for the two different collimator setups. Note that the depth of source B is Y + 
20mm because the thickness of the Perspex adds 20mm to the depth. At this distance 
from the injection site and depth = 80mm, there was no distinct maximum visible in using 
either collimator.
Exp5D - X = 35mm; Y = 40mm
Figure 75: Comparison of the effect of the two collimators on probe response for location 
of SN-source at X=35mm and Y=40mm.
Figure 75 shows similar measurements for X=35mm and Y -40mm ( Depth -  60mm ). 
The distance of source B is now slightly closer to source A ( higher background reading )
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but despite this, the reduced depth meant that the extra collimator showed a significant 
local maximum at this location with an accuracy o f+/- 5mm.
In practice the probability of having a SN with depth — 60mm is quite low and access to 
such a node with the probe can be improved with an incision. To demonstrate the 
efficiency of the new collimator at a more practical depth, source B was placed at 10mm 
below the surface of the water. This represented a depth of 30mm ( including the Perspex 
wall). The distance of source B from source A was kept relatively low with X=50mm to 
maintain high background reading. Figure 76 shows the response of the probe at this 
location. A distinct maximum is still not visible with the standard collimator but the extra 
collimator shows a strong peak at x =50mm as expected with a resolution of +/- 3mm.
Figure 76: Comparison of the effect of the two collimators on probe response for location 
of SN-source at X=50mm and Y=10mm.
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To investigated the role of distance between sources A & B on the spatial resolution of 
the probe we performed experiments for distances up to 150mm between the sources.
Y was kept constant at 40mm or a depth of ( 40mm +20mm Perspex ) = 60mm 
corresponding to a good estimate of average worst case depths found in clinical trials of 
lymphnode location [4].
Y = 40mm without extra collimator
X = 3 5 m m  ♦ ■ X = 6 0 m m  — ■ —  X = 1 0 0 m m  X = 1 5 0 m m
Figure 77: Response of the probe for location of source B at Y = 40mm with different 
distances between source A & B, X=35mm, X=60mm, X= 100mm, X=150mm using 
standard collimator.
From Figure 77, it was not possible to identify a maximum for X=35mm, X=60mm or 
X= 100mm using the standard collimator. The maximum function for X=150mm was very 
broad allowing for easier localisation when moving the probe a relatively large distance
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over the body. The absolute maximum position was at 150mm as expected. This showed 
the probe’s effectiveness with no extra collimation for situations where a sentinel node of 
1/10 injection site activity is in the order of 150mm from the injection site.
The same experiment was repeated using the extra collimator to compare maximum 
distance of SN identification with a depth of 60mm ( Y = 40mm ).
Y = 40mm - With Extra Collimator
X = 3 5 m m  — ♦—  X = 6 0 m m  X = 1 0 0 m m  X = 1 5 0 m m
Figure 78: Response of the probe for location of source B at Y = 40mm with different 
distances between source A & B, X=35mm, X=60mm, X= 100mm, X=150mm using extra 
collimator.
From Figure 78 is it clear that the extra collimator has a profound effect on the probe s 
ability to locate source B. There are 4 distinct peaks at X = 35mm, X = 60mm, X -  
100mm and X = 150mm.
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To understand the effect of attenuation and scattering from source B the response of the 
probe without the extra collimator was further investigated for the situation where depth 
( Y ) was varied while distance between sources ( X ) was kept constant.
X = 40mm without extra collimator
Figure 79: Response of the probe for location of source B at X = 40mm with different 
depths Y=30mm, Y =60mm using standard collimator.
From Figure 79 is was shown that for small distances from the injection site ( source A ) it 
was not possible to identify the sentinel node ( source B ) over depths between Y = 30mm 
and Y =60mm. Figure 76 showed that even for Y = 10mm the standard collimator was not 
sufficient for identification of the node for such small distances due to the high 
background reading from source A.
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The experiment was repeated for a greater distance ( X = 150mm) with depths varying 
from Y = 10mm to Y = 40mm.
X = 150mm without extra collimator
— * —  Y = 1 0 m m  — Y = 2 0 m m  — ■ —  Y = 4 0 m m
Figure 80: Response of the probe for location of source B at X = 150mm with different 
depths Y=10mm, Y =20mm, Y =40mm using standard collimator.
From Figure 80, it was shown that at greater distances from the injection site ( source A ), 
node depth is not as important for successful localisation due to less interference from 
injection site activity. A local maximum was visible for all depths, Y =T0mm, Y = 20mm 
and Y =40mm at this distance.
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CONCLUSION:
The gamma probe was developed for lymphoscintigraphy based on CsI(Tl) optically 
coupled scintillator and Photomultiplier. The developed electronics reader allowed 
successful measurement, digital, analogue and audio output for use in a wide range of 
photon energy. The probe has an adjustable energy threshold which made it possible to 
adjust for the best performance for different isotopes. We found that for the most widely 
used isotope -  Tc-99 with gamma energy 140keV, the best threshold level was about 
70keV.
The combined results presented in this thesis showed that the SRPMkII is a reliable, stable 
intraoperative probe with characteristic response in accordance with typical activities and 
gamma energies used in Lymphoscintigraphy using Technicium-99. This response meant 
that the probe was able to localise sources with comparable size, depth and activity to 
those found in sentinel node localisation procedures.
The ergonomic design with clearly visible LED digital display and audio output with 
alarm feature meant that probe was easy to operate and leam. This makes it a vauable tool 
for any hospital which uses lymphoscintigraphy to map movement of lymph and identify 
sentinel nodes.
The low level discriminator provided sufficient energy window to effectively eliminate 
readings of scattered radiation for 99Tc ( 140keV). An appropriate threshold setting
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determined by comparing response to Americium-241 ( 60keV) was successful in 
ensuring minimum build up reading. This improved the probe’s ability to find smaller 
nodes and deep seated nodes because scattering was not a significant factor.
Adding to the elimination of background and scattered radiation with lower energies, the 
tungsten tip shield and collimator was an effective tool. The collimator provided excellent 
angular resolution with a proportional angle-reading response, i.e. 50% decrease in angle 
of incidence corresponded to approximately 50% decrease in reading.
Feedback from surgeons showed the value of the physicist and surgeon working together 
to identify areas of improvement / operational requirements.
From all indications, it appears that sentinel node localisation is an effective method in 
avoiding axillary dissection in the case of breast cancer. The surgical probe is a valuable 
tool for assisting this procedure. Future developments promise multiple detector and 
imaging probes to expand the performance of detectors used with this technique. As the 
technique becomes more widely accepted, it will be interesting to observe survival figures 
as more clinical studies are conducted.
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APPENDIX A: DATA SHEETS
1 ) Hamamatsu H5784 Photosensor Module
2) LM311 Voltage Comparator
3) 54HC4017 Decade Counter / Divider
4) 74HC221 Dual Non-Retriggerable Monostable Multivibrator




High Sensitivity, Wide Dynamic Range 
Fast Time Response
The H 6 7 7 9 /H 6 7 8 0 /H 5 7 8 4  series are  light sensor m odules in­
cluding a com pact photom ultiplier tube (METAL PACKAGE 
PMT) and operating pow er supply. T hey  feature  low voltage  
operation (+ 11 .5V  to + 1 5 .5 V  for H 6 7 7 9 /H 6 7 8 0  series and ±
11.5V to ± 1 5 .5 V  for H 5 7 8 4  series) and low pow er consum p­
tion (Approx. 4 5 0 m W  for H 6 7 7 9 /H 6 7 8 0 ). A dvantages include  
high sensitivity, w ide dynam ic range and fast tim e response.
The H 6779  series are  on-board types which facilitates m ount­
ing directly on a  printed circuit board and the H 6 7 8 0  series  
have a cable output. T h e  H 5 7 8 4  series have a low noise am pli­
fier with a cable output. T h ese  versions accept direct light input 
or an optical fiber with the optional fiber adaptor E 5776 .
APPLICATIONS
•  O/E Converter
•  Ultra Low Light Level Detection
•  Portable Optical Detection Instrument
FEATURES
• Low Power Consumption
• Low Voltage Drive
• Easy to Use
• High Sensitivity 
•Wide Dynamic Range
• Fast Time Response
A  Left : H 6 7 8 0  C e n te r : H 6 7 7 9  R ight : H 5 7 8 4  
Front : M E TA L P A C K A G E  P M T
Figure 1: Typical Spectral Response
WAVELENGTH (nm)
[_ Subject to local techn ica l requ irem ents and regu la tions , a va ila b ility  o f products included in th is  prom otional m aterial may vary^ P je a s ^ c o ^ s i^ lt jw ith jju r  sales^office^ 
Information furnished by "H AM AM ATSU is be lieved to be re liab le . However, no responsib ility  is assumed for possib le inaccuracies or om m issions. Specifications are 
subject to change w ithout no tice. No patent righ t are granted to any of the c ircu its  described herein. ©  1997 Hamamatsu Photonics K.K.
PHOTOSENSOR MODULES H6779/H6780/H5784 SERIES
STANDARD PHOTOSENSORS
*) Suffix -06 has higher sensitivity at less than 300nm in compari­
son with suffix -03.
Note : When a photosensor module or socket assembly is operated in a 
vacuum, gas may be released from the circuit components used inside 
the assembly and also spike noise by discharge may occur. Do not 
use these modules or assemblies under these conditions.
SPECIFICATIONS
GENERAL
Parameter H6779 Series H6780 Series H5784 Series Unit
Supply Voltage Range Vcc & Vee + 11.5 to +15.5 ±11.5  to ±15.5 V
Supply Current Requirement 30 12/1*2 mA Max.
Supply Adjustable Range (Relative Sensitivity) 1 : 104 —
Settling Time (Sensitivity Control) * 1 0.2 2 s
Effective Area 8 mm dia.
Weight Approx. 50 Approx. 80 Approx. 100 g
*1) Stabilized time in the control voltage adjustment from +1,0V to +0.5V. 
*2) "Minus Voltage" requires 1 mA current.
MAXIMUM RATINGS (Absolute Maximum Values)
Parameter H6779 Series H6780 Series H5784 Series Unit
Supply Voltage Vcc & Vee +18 ±1 8 V
Operating Temperature +5 to +45 +5 to +50 *C
Storage Temperature -2 0  to +50 *c
Output Current / Output Voltage * 1 100 AtA 10V -
Control Voltage *2 Vcontrol + 1.0 . V
*1) Averaged over any interval of 30 seconds maximum.
*2) Applying the maximum value for more than 30 seconds continuously may cause a damage. 
H6779 / H6780 SERIES CHARACTERISTICS (at 25*C)
Parameter H6779/H6780 -01,-04 -03, -06 Unit
Radiant Sensitivity (at 420nm) @ 21 15 21 MA/nW
Dark Current @ 0.5/10 1/10 0.5/10 Typ/Max. nA
Induced Ripple in Signal
(Measured across 1MQ/22pF load for H6779/H6780 Series) 0.6 Max. mVp-p
Time Response @ Anode Pulse Rise Time 0.65 ns
Recommended Control Voltage Range Vcontrol +0.25 to +0.95 V
H5784 SERIES CHARACTERISTICS (at 25TC)
Parameter H5784 -01,-04 -03, -06 Unit
Radiant Sensitivity (at 420nm) @ 21 15 21 V/nW
Output Offset @ ± 3 ± 3 ± 3 mV
Induced Ripple in Signal
(Measured across 1 MQ/22pF load for H5784 Series)
2 mVp-p
Current to Voltage Conversion Factor 1 V //iA
Frequency Bandwidth DC to 20 kHz
Recommended Control Voltage Range Vcontrol ± 0 .2 5  to ±0 .95 V
@ Control voltage +0.8V
Type No. Spectral Response Lead Type
H5784 300 to 650 nm
-01 300 to 820 nm
-03 185 to 650 nm Cable Out Type
-04 185 to 820 nm
-06* 185 to 650 nm
Type No. Spectral Response Lead Type
H6779 300 to 650 nm
On-board Type
-01 300 to 820 nm
-03 185 to 650 nm
-04 185 to 820 nm
-06* 185 to 650 nm
H6780 300 to 650 nm
Cable Out Type
-01 300 to 820 nm
-03 185 to 650 nm
-04 185 to 820 nm
-06* 185 to 650 nm
Figure 2: Typical Sensitivity Adjustable Characteristics
H6779 / H6780 SERIES
0.1 0.2 0 .4  0 .6  0 .8 1.0
CONTROL VOLTAGE (V)
Vee Input (-11.5 to -15.5V)
Signal Output (Voltage Output) 
Signal Output (Current Output)
Vcc Input (+11.5 to +15.5V)
GND
Vref. Output (+1.2V)








Adjust the control voltage (Vcontrol) 
to set the output.
Insulate but floa t V re f output.
V cc Input 
GND
V re f Output 
Vcontrol Input
Adjust the potentiometer 
5K1 It is recommended to to set the output, 
monitor the control 
voltage by a multimeter 
and adjust the voltage 
within maximum +1.0V.
TACCC0101EB
* 2  For H6779 & H6780 series, 
it has 2kQ in the module.
Please do not add this resistor 
fo r H6779/H6780.
PHOTOSENSOR MODULES H6779/H6780/H5784 SERIES
Figure 5: Dimensional Outlines (Unit: mm)
50 ±0 .5
Pin Connection







w V re f  (+ 1 .2 V )
e Vcontrol (0 tO+1,0V) 
r Vcc (+15V) 
t GND
y SIGNAL GND 
u ANODE OUT ¡NC
(NC : NO CONNECTION)
TPMHA0197EC
H6779 / H6780 / H5784 Series
N ote : S uffix  -06 type  has th e  depth  o f 0 ±  0.2m m  fo r the  de tec to r w indow  position 
instead o f 1.5 ±  0.2m m  fo r th e  o th e r types.
T he  w indow  s ize  (open area) o f suffix-01 is 1m m dia., though  e ffec tive  area 




















E57761 Optical Fiber Adapter (FC Type) OPTION
TACCA0055EA
&  PATENT: USA P at.N o. 5410211 
PATENT PENDING : JA PA N  13, U S A  8, E U R O P E  9




AWG22 (WHITE,0 to+1,0V) 
RG-174/U
TPMHA0288EB
For the other adapters such as SMA (E5776-51) and SC 
types please consult our sales office.
► Reference:
(Technical information)
METAL PACKAGE PHOTOMULTIPLIER TUBES R5600 SERIES 
and PHOTOSENSOR MODULES (Cat. No. TPMH9001E06)
( Individual Data Sheet)
METAL PACKAGE PHOTOMULTIPLIER TUBES R5600 SERIES 
(Cat. No. TPMH1066E09)
h a m a m m t s u
HAMAMATSU PH O TO N IC S  K.K ., E lectoron T u b e  C en te r 
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LM111/LM211/LM311 Voltage Comparator
General Description
The LM 111, LM211 and LM311 are vo ltage com para tors 
tha t have input currents nearly a thousand tim es low er than 
devices like the  LM 106 o r LM 710. They are also designed 
to  operate ove r a w ider range o f supply vo ltages: from  stan­
dard ± 1 5 V  op am p supplies down to  the  sing le  5V supply 
used fo r IC logic. The ir ou tpu t is com patib le  w ith  RTL, DTL 
and TTL as w ell as MOS circuits. Further, they can drive 
lam ps or relays, sw itch ing vo ltages up to  50V at currents as 
high as 50 mA.
Both the  inputs and the  ou tputs o f the  LM 111, LM 211 or the 
LM 311 can be isolated from  system  ground, and the output 
can drive loads re ferred to  ground, the  positive supply or the 
negative supply. O ffse t ba lancing and strobe capability  are 
provided and ou tputs can be w ire  O R ’ed. A lthough slower 
than the  LM 106 and LM 710 (200 ns response tim e vs
40 ns) the  devices are also much less prone to  spurious 
oscillations. The LM 111 has the sam e pin configuration as 
the LM 106 and LM710.
The LM211 is identical to  the  LM 111, except tha t its per­
form ance is specified over a — 25°C to  +  85°C tem perature 
range instead o f -5 5 ° C  to  +  125°C. The LM 311 has a tem ­
perature range o f 0°C to  +  70°C.
Features
■ O perates from  single 5V supply
■  Input current: 150 nA max. over tem perature
■ O ffse t current: 20 nA max. over tem perature
■  D ifferential input vo ltage range: ± 3 0 V





Detector for Magnetic Transducer
Relay Driver with Strobe
•Note: Pin connections shown on schematic di­
agram and typical applications are for 
H08 metal can package.
Increasing Input Stage Current*
R, Note: Do Not
vok Ground Strobe




•Increases typical common 
mode slew from 7.0V/ fis  
to 18 V / fis.
Note: Do Not Ground Strobe Pin.
Note: Do Not Ground Strobe Pin.







Absolute Maximum Ratings for the LM111/LM211
If Military/Aerospace specified devices are required, 
please contact the National Semiconductor Sales 
Office/Distributors for availability and specifications. 
(Note 7)
Total Supply Voltage (V84) 36V
Output to Negative Supply Voltage (V 7 4 ) 50V
Ground to Negative Supply Voltage (V-| 4 ) 30V
Differential Input Voltage ± 30V
Input Voltage (Note 1) ±  15V
Output Short Circuit Duration 10 sec
Operating Temperature Range LM111 -  55°C to 125°C
LM211 — 25°C to 85°C
Lead Temperature (Soldering, 10 sec) 260°C





Vapor Phase (60 seconds)..................................... 215°C
Infrared (15 seconds).............................................220°C
See AN-450 “Surface Mounting Methods and Their Effect 
on Product Reliability” for other methods of soldering sur­
face mount devices.
ESD Rating (Note 8) 300V
Electrical Characteristics fortheLMm andLM2n (Note 3)
Parameter Conditions Min Typ Max Units
Input Offset Voltage (Note 4) Ta =  25°C, Rs ^50k 0.7 3.0 mV
Input Offset Current Ta =25°C 4.0 10 nA
Input Bias Current Ta =25°C 60 100 nA
Voltage Gain Ta =25°C 40 200 V/mV
Response Time (Note 5) Ta =25°C 200 ns
Saturation Voltage V|n ̂  — 5 mV, Iout — 50 mA 
Ta =25°C 0.75 1.5 V
Strobe ON Current (Note 6) Ta =25°C 2.0 5.0 mA
Output Leakage Current V|n ;> 5 mV, Vo u t= 35V 
Ta =  25°C, Is t r O B E  =  3  mA 0.2 10 nA
Input Offset Voltage (Note 4) Rs ^50k 4.0 mV
Input Offset Current (Note 4) 20 nA
Input Bias Current 150 nA
Input Voltage Range V+ =  15V, V~ =  —15V, Pin 7 
Pull-Up May Go To 5V -14 .5 13.8,-14.7 13.0 V
Saturation Voltage V+2:4.5V, V -  =  0 
V||\j^ —6 mV, Io u t^S mA
0.23 0.4 V
Output Leakage Current V|N^5mV, V0UT= 35 V 0.1 0.5 jliA
Positive Supply Current Ta =25°C 5.1 6.0 mA
Negative Supply Current Ta =  25°C 4.1 5.0 mA
Note 1: This rating applies for ± 1 5  supplies. The positive input voltage limit is 30V above the negative supply. The negative input voltage limit is equal to the 
negative supply voltage or 30V below the positive supply, whichever is less.
Note 2: The maximum junction temperature of the LM111 is 150°C, while that of the LM211 is 110°C. For operating at elevated temperatures, devices in the H08 
package must be derated based on a thermal resistance of 165°C/W , junction to ambient, or 20°C/W , junction to case. The thermal resistance of the dual-in-line 
package is 110°C/W , junction to ambient.
Note 3: These specifications apply for V $ =  ±  15V and Ground pin at ground, and - 5 5 °C ^ T a ^  +  125°C, unless otherwise stated. With the LM211, however, all 
temperature specifications are limited to - 2 5 °C ^ T a ^  +85°C . The offset voltage, offset current and bias current specifications apply for any supply voltage from a 
single 5V supply up to ± 1 5V supplies.
Note 4: The offset voltages and offset currents given are the maximum values required to drive the output within a volt of either supply with a 1 mA load. Thus, 
these parameters define an error band and take into account the worst-case effects of voltage gain and Rs- 
Note 5: The response time specified (see definitions) is for a 100 mV input step with 5 mV overdrive.
Note 6: This specification gives the range of current which must be drawn from the strobe pin to ensure the output is properly disabled. Do not short the strobe pin 
to ground; it should be current driven at 3 to 5 mA.
Note 7: Refer to RETS111X for the LM111H, LM111J and LM111J-8 military specifications.
Note 8: Human body model, 1.5 k it in series with 100 pF.
2
Absolute Maximum Ratings fortheLM3n
If Military/Aerospace specified devices are required, 
please contact the National Semiconductor Sales 
Office/Distributors for availability and specifications.
Total Supply Voltage (V84) 36V 
Output to Negative Supply Voltage V74) 40V 
Ground to Negative Supply Voltage V-| 4) 30V 
Differential Input Voltage ± 30V 
Input Voltage (Note 1)  ±  15V 
Power Dissipation (Note 2) 500 mW 
ESD Rating (Note 7) 300V
Output Short Circuit Duration 1 0 sec 
Operating Temperature Range 0° to 70°C 
Storage Temperature Range -  65°C to 150°C 
Lead Temperature (soldering, 10 sec) 260°C 





Vapor Phase (60 seconds).................................... 215°C
Infrared (15 seconds)............................................220°C
See AN-450 “Surface Mounting Methods and Their Effect 
on Product Reliability” for other methods of soldering sur­
face mount devices.
Electrical Characteristics forthei_M3n (Note 3)
Parameter Conditions Min Typ Max Units
Input Offset Voltage (Note 4) Ta = 250C, Rs ^50k 2.0 7.5 mV
Input Offset Current (Note 4) Ta =  25°C 6.0 50 nA
Input Bias Current Ta =25°C 100 250 nA
Voltage Gain Ta =25°C 40 200 V/mV
Response Time (Note 5) Ta =25°C 200 ns
Saturation Voltage V i n  ^  — 10 mV, Io ut= 50 mA 
Ta =25°C 0.75 1.5 V
Strobe ON Current (Note 6) Ta —25°C 2.0 5.0 mA
Output Leakage Current V | n  ^  10 mV, V 0 u t  =  35V 
Ta =  250C, Is t R 0 B E  =  3  mA 
V -  =  Pin 1 =  — 5V
0.2 50 nA
Input Offset Voltage (Note 4) RS^50K 10 mV
Input Offset Current (Note 4) 70 nA
Input Bias Current 300 nA
Input Voltage Range -14 .5 13.8,-14.7 13.0 V
Saturation Voltage V+i>4.5V, V -  =  0 
V |N < i  — 10 mV, Io u t ^ O  mA
0.23 0.4 V
Positive Supply Current Ta =250C 5.1 7.5 mA
Negative Supply Current Ta =25°C 4.1 5.0 mA
Note 1: This rating applies for ±  15V supplies. The positive input voltage limit is 30V above the negative supply. The negative input voltage limit is equal to the 
negative supply voltage or 30V below the positive supply, whichever is less.
Note 2: The maximum junction temperature of the LM311 is 110°C. For operating at elevated temperature, devices in the H08 package must be derated based on a 
thermal resistance of 165“C /W , junction to ambient, or 20°C/W , junction to case. The thermal resistance of the dual-in-line package is 100°C/W, junction to 
ambient.
Note 3: These specifications apply for V$ =  ±  15V and Pin 1 at ground, and 0°C <  Ta  <  +  70°C, unless otherwise specified. The offset voltage, offset current and 
bias current specifications apply for any supply voltage from a single 5V supply up to ± 1 5V supplies.
Note 4: The offset voltages and offset currents given are the maximum values required to drive the output within a volt of either supply with 1 mA load. Thus, these 
parameters define an error band and take into account the worst-case effects of voltage gain and Rs- 
Note 5: The response time specified (see definitions) is for a 100 mV input step with 5 mV overdrive.
Note 6: This specification gives the range of current which must be drawn from the strobe pin to ensure the output is properly disabled. Do not short the strobe pin 
to ground; it should be current driven at 3 to 5 mA.
















































































LM111/LM211 Typical Performance Characteristics
Input Bias Current
-55 -36 -15 5 25 «5 65 85 105 125 
TEMPERATURE I'C)
Input Characteristics





: 25°C — -0.5 >
i ",0
a  -1.5 a  • 
Z
o  0.4 Ss
5  0.2
! l i l i
- R t FEP REI TO ¡UP LY /OLI AG S -
h.
___1-----
-16 -12 -8 -4 0 4 8 12
DIFFERENTIAL INPUT VOLTAGE (V)
Response Time for Various 
Input Overdrives _
-55 -36 -15 5 25 45 65 85 106 125
TEMPERATURE ("Cl
Response Time for Various 
Input Overdrives
DIFFERENTIAL INPUT VOLTAGE (mV)
Output Saturation Voltage
0 2 0.4
TIME Ipj) OUTPUT CURRENT ImA)
Response Time for Various 
Input Overdrives >
Response Time for Various 
Input Overdrives Output Limiting Characteristics










































LM111/LM211 Typical Performance Characteristics (Continued)
Supply Current
0 5 10 15 20 25 30
Supply Current
•55 -35 -15 5 25 45 65 IS 105 125
Leakage Currents
25 45 65 15 105 125
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TL/H /5704-3
LM311 Typical Performance Characteristics
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Input Offset Current Offset Error
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LM311 Typical Performance Characteristics (Continued)
Response Time for Various Response Time for Various
Output Limiting Characteristics
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MM54HC4017/MM74HC4017
Decade Counter/Divider with 10 Decoded Outputs
General Description
The M M 54H C 4017 /M M 74H C 4017  is a 5 -stage Johnson 
coun te r w ith  10 decoded ou tputs  th a t u tilizes advanced s ili­
con -gate  CM O S techno logy. Each o f th e  decoded  ou tputs is 
no rm ally low  and sequentia lly  goes high on  the  low  to  high 
transition  o f th e  c lo ck  input. Each ou tput stays high fo r one 
c lock  period o f th e  10 c lock  period cycle . The C ARR Y ou t­
pu t trans itions  low  to  high a fte r O U TPU T 9 goes low, and 
can be used in con junction  w ith  the  C LO CK ENABLE to 
cascade severa l stages. The C LO CK EN ABLE input d is­
ab les counting  w hen in th e  high state. A  RESET input is 
a lso  provided w hich w hen taken  high se ts  all the  decoded 
ou tpu ts  low  e xce p t ou tpu t 0.
The M M 54H C 4017 /M M 74H C 4017  is func tiona lly  and p inout 
equ iva len t to  the  C D 4017B M /C D 4017B C . It can drive
up to  10 low  pow er S cho ttky  equ iva len t loads. A ll inputs are 
p ro tected  from  dam age due to  s ta tic  d ischarge by d iodes 
from  V c c  and ground.
Features
■  W ide pow er supply range: 2 -6 V
■  Typical operating frequency: 30 MHz
■  Fanout o f 10 LS-TTL loads
■  Low qu iescent current: 80 ju,A (74HC Series)
■  Low input current: 1.0 ju,A
Connection Diagram













0EC0DED OUTPUT "9 "  
OECOOED OUTPUT "4 "  
DECODED OUTPUT "8 "
TOP VIEW
Order Number MM54HC4017 or MM74HC4017
TL/F/5351 -1
















Absolute Maximum Ratings (Notes 1 & 2) Operating Conditions
If Military/Aerospace specified devices are required, Min Max Units
please contact the National Semiconductor Sales Supply Voltage (Vcc) 2 6 V
Office/Distributors for availability and specifications. DC Input or Output Voltage 0 Vcc V
Supply Voltage (VCc) -0 .5  to +  7.0V (v iN- Vout)
DC Input Voltage (V|n) -1 .5 to V Cc+1-5V Operating Temp. Range (TA)
DC Output Voltage (Vout) -0 .5  to VCc  +  0.5 V MM74HC -4 0 +  85 °c
Clamp Diode Current (I|k , Io k ) ±20 mA MM54HC -5 5 +  125 °c
DC Output Current, per pin Gout) ±25 mA Input Rise or Fall Times 
(tr.tf) V cc =  2.0V 1000 ns
DC Vcc or GND Current, per pin (Ice) ±50 mA V cc =  4.5 V 500 ns
Storage Temperature Range ( T s t g ) 
Power Dissipation (Pd )
—65°Cto +150°C VCC= 6.0V 400 ns
(Note 3) 600 mW
S.O. Package only 
Lead Temperature (T|_)
500 mW
(Soldering 10 seconds) 260°C
DC Electrical Characteristics (Note 4)
Symbol Parameter Conditions Vcc
Ta = 25°C
74HC
TA= — 40 to 85°C
54HC
TA= - 5 5  to 125°C Units
Typ Guaranteed Limits
V|H Minimum High Level 2.0V 1.5 1.5 1.5 V
Input Voltage 4.5V 3.15 3.15 3.15 V
6.0V 4.2 4.2 4.2 V
V|L Maximum Low Level 2.0V 0.5 0.5 0.5 V
Input Voltage** 4.5V 1.35 1.35 1.35 V
6.0V 1.8 1.8 1.8 V
Voh Minimum High Level V|N =  V|H °r V|i_
Output Voltage |IoutI^ 20 p,A 2.0V 2.0 1.9 1.9 1.9 V
4.5V 4.5 4.4 4.4 4.4 V
6.0V 6.0 5.9 5.9 5.9 V
V|N =  V|H °r V|L
||OutI^ 4.0 mA 4.5V 4.2 3.98 3.84 3.7 V
IIqutI^ 5-2 mA 6.0V 5.7 5.48 5.34 5.2 V
Vol Maximum Low Level V|N =  V|H orViL
Output Voltage |IoutN 20 fiA 2.0V 0 0.1 0.1 0.1 V
4.5V 0 0.1 0.1 0.1 V
6.0V 0 0.1 0.1 0.1 V
V|N =  V|H orV|L 
||OutI^ 4.0 mA 4.5V 0.2 0.26 0.33 0.4 V
|IoutI^ 6.2 mA 6.0V 0.2 0.26 0.33 0.4 V
•in Maximum Input 
Current
V|N =  Vcc or GND 6.0V ±0.1 ±1.0 ±1.0 ju.A
•cc Maximum Quiescent V|N =  Vcc or GND 6.0V 8.0 80 160 ju,A
Supply Current •OUT =  0 M-A
Note 1: Absolute Maximum Ratings are those values beyond which damage to the device may occur.
Note 2: Unless otherwise specified all voltages are referenced to ground.
Note 3: Power Dissipation temperature derating —  plastic “N” package: — 12 mW/°C from 65°C to 85°C; ceramic “J” package: — 12 mW/°C from 100°C to 125 C. 
Note 4: For a power supply of 5V ± 1 0 %  the worst case output voltages (Vo h . and Vol) occur for HC at 4.5V. Thus the 4.5V values should be used when 
designing with this supply. Worst case Vm and V||_ occur at V (x = 5 .5 V  and 4.5V respectively. (The Vm value at 5.5V is 3.85V.) The worst case leakage current (Iin , 
Ice. and loz) occur for CMOS at the higher voltage and so the 6.0V values should be used.
**V||_ limits are currently tested at 20%  of Vcc- The above V||_ specification (30%  of Vcc) will be implemented no later than Q1, CY 89.
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AC Electrical Characteristics vCc = 5v,TA= 25oc ,c L= i 5 pF,tr= tf= 6 ns
Symbol Parameter Conditions Typ GuaranteedLimit Units
fMAX Maximum Clock Frequency Measured with 
respect to carry line
50 30 MHz
tpHL- tPLH Maximum Propagation 
Delay, Enable to Carry-Out Line
26 44 ns
lPHL. *PLH Maximum Propagation 
Delay Enable Decode-Out Lines
27 44 ns
tPHL. tPLH Maximum Propagation
Delay, Reset or Clock to Decode Out
23 40 ns
tpHb tpLH Maximum Propagation
Delay, Reset or Clock to Carry Out
23 40 ns
*S Minimum Clock Inhibit to Clock 
Set-Up Time
12 20 ns
tw Minimum Clock or Reset Pulse Width 8 16 ns
tREM Minimum Reset Removal Time 20 10 ns
AC Electrical Characteristics V c c  =  2.0-6.0V, Cl = 50 pF, tr=tf =  6 ns (unless otherwise specified)
Symbol Parameter Conditions Vcc TA =
25°C 74HCTA= -4 0  to 85°C
54HC
Ta = —55 to 125-C Units
Typ Guaranteed Limits
fMAX Maximum Clock Frequency Measured with 2.0V 6 5 4 MHz
respect to carry line 4.5V 30 24 20 MHz
6.0V 35 28 24 MHz
tpHL- ^LH Maximum Propagation 2.0V 89 250 312 375 ns
Delay, Enable to Carry-Out Line 4.5V 25 50 63 75 ns
6.0V 20 43 54 65 ns
tpHL- tPLH Maximum Propagation 2.0V 90 250 312 375 ns
Delay, Enable to Decode Out Line 4.5V 25 50 63 75 ns
6.0V 20 43 54 65 ns
tpHL. tPLH Maximum Propagation 2.0V 82 230 288 345 ns
Delay, Reset or Clock to Decode Out 4.5V 22 46 58 69 ns
6.0V 18 39 49 59 ns
tPHL. tPLH Maximum Propagation 2.0 V 82 230 288 345 ns
Delay, Reset or Clock to Carry Out 4.5V 22 46 58 69 ns
6.0V 18 39 49 59 ns
t W Minimum Reset, Clock, or 2.0 V 30 80 100 120 ns
Clock Enable Pulse Width 4.5V 9 16 20 24 ns
6.0V 8 14 18 21 ns
tREM Minimum Reset Removal Time 2.0V 100 125 150 ns
4.5V 20 25 30 ns
6.0V 17 21 25 ns
ts. tH Minimum Clock Inhibit 2.0V 50 63 75 ns
to Clock Set-Up or Hold Time 4.5V 10 13 15 ns
6.0V 9 11 13 ns
tTHL. *TLH Maximum Output Rise 2.0V 30 75 95 110 ns
and Fall Time 4.5V 8 15 19 22 ns
6.0V 7 13 16 19 ns
Minimum Input Rise and Fall Time 2.0 V 1000 1000 1000 ns
4.5V 500 500 500 ns
6.0V 400 400 400 ns
CPD Power Dissipation 
Capacitance (Note 5)
(per package) PF
C|N Maximum Input Capacitance 5 10 10 10 PF
Note 5: Cpo determines the no load dynamic power consumption, Pq = C pd  Vcc2 f +  Icc V c c .and the no load dynamic current consumption, Is Cpo Vcc f +  Icc-
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Physical Dimensions inches (millimeters)
NS Package Number J16A
PIN NO. 1_ 
IDENT
(18.80-19,81) _^|
IÎ6] [T51 [Hi [HI iTI] H l fTölifäl
CO
Lü lu LU LU'Lil Li] LzJ laj
OPTION 01
(6.350 ±0.254)
Dual-ln-Line and Flat Package 
Order Number MM74HC4017N 
NS Package Number N16E
INDEX in  mn r
AREA
h
PIN NO 1 , b
IDENT llJ  ¡2} L
OPTION 02





N A TIO N A L’S PRODUCTS ARE NOT AU TH O R IZED  FOR USE AS CRITICAL COM PONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEM S W ITH O U T THE EXPRESS W RITTEN APPRO VAL O F THE PRESIDENT OF NATIO NAL
SEM IC O N D UC TO R  CO RPO RATIO N. As used herein:
1. L ife support devices or system s are devices or 
system s w hich, (a) are in tended fo r surgical im plant 
in to  the  body, o r (b) support o r susta in life, and w hose 
fa ilu re  to  perform , w hen properly  used in accordance 
w ith  instructions fo r use provided in the  labeling, can 
be reasonably expected to  resu lt in a  s ign ifican t injury 
to  the  user.
2. A  critica l com ponent is any com ponent o f a life 
support device or system  w hose fa ilure to  perform  can 
be reasonably expected to cause the  fa ilure o f the life 
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National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied and National reserves the right at any time without notice to change said circuitry and specifications.
N a t i o n a l  S e m i c o n d u c t o r
MM54HC221A/MM74HC221A
Dual Non-Retriggerable Monostable Multivibrator
General Description
The M M 54/74H C 221A  high speed m onostable m ultiv ibra­
tors (one shots) utilize advanced silicon-gate CMOS tech ­
nology. They fea ture speeds com parable to  low  power 
S chottky TTL circu itry while retain ing the low power and 
high noise im m unity characte ris tic  o f CM OS circuits.
Each m ultiv ib rator fea tures both a negative, A, and a posi­
tive, B, transition triggered input, e ither o f which can be 
used as an inhib it input. A lso included is a c lear input tha t 
w hen taken low  resets the  one shot. The ’HC221A can be 
triggered on the positive transition of the  c lear while A is 
held low  and B is held high.
The ’H C221A is a non-retriggerable, and therefore cannot 
be re triggered until the  ou tput pulse tim es out.
Pulse w idth s tab ility  over a w ide range o f tem perature and 
supply is ach ieved using linear CMOS techniques. The out­
put pulse equation is sim ply: PW =  (REXt) (CExt); w here PW
is in seconds, R is in ohm s, and C is in farads. All inputs are 
protected from  dam age due to  sta tic discharge by diodes to 
V Cc  and ground.
Features
■ Typical propagation delay: 40 ns
■  W ide power supply range: 2 V -6 V
■ Low quiescent current: 80 ^ A  maximum (74HC Series)
■  Low input current: 1 ju.A maximum
■ Fanout of 10 LS-TTL loads
■ Simple pulse w idth form ula T =  RC
■  W ide pulse range: 400 ns to  °° (typ)
■  Part to  part variation: ± 5 %  (typ)
■  Schm itt Trigger A & B inputs enable infinite signal input 








TO Cext TO R/C ext 
TERMINAL TERMINAL
Note: Pin 6 and Pin 14 must be hard­
wired to GND.
TL/F/5325-2
Order Number MM54HC221A or MM74HC221A
Truth Table
Inputs Outputs
Clear A B Q Q
L X X L H
X H X L H
X X L L H
H L Î _TL “ L T
H i H _TL ~LT
T L H _TL “LT
H =  High Level 
L =  Low Level
T =  Transition from Low to High 
4- = Transition from High to Low 
J “ L =  One High Level Pulse 
l i "  =  One Low Level Pulse 
X =  Irrelevant
















Absolute Maximum Ratings (Notes 1 &2) Operating Conditions
If Military/Aerospace specified devices are required, Min Max Units
please contact the National Semiconductor Sales Supply Voltage (VCc) 2 6 V
Office/Distributors for availability and specifications. DC Input or Output Voltage 0 Vcc V
Supply Voltage (VCc) -  0.5V to +  7.0V 
DC Input Voltage (V!N) - 1 ,5V to VCc + 1 .5V 
DC Output Voltage (Vout) -  0.5V to VCc + 0.5V
(Vin. Vout)
Operating Temp. Range 0 a) 
MM74HC -4 0 + 85 °c
Clamp Diode Current (l|«, Iok) ± 20 mA MM54HC -5 5 + 125 °c
DC Output Current, per pin (Iout) ± 25 mA 
DC Vcc or GND Current, per pin (Ice) ± 50 mA
Maximum Input Rise and Fall 
Time (Clear Input)
VCC = 2.0V 1000 ns
Storage Temperature Range (T s t g ) -65°C  to + 150°C V cc =  4.5 V 500 ns
Power Dissipation (Pp) VCC = 6.0V 400 ns
(Note 3) 600 mW
S.O. Package only 500 mW
Lead Temperature
(T l) (Soldering 10 seconds) 260°C
DC Electrical Characteristics (Note 4)
Symbol Parameter Conditions Vcc
t a == 25°C
74HC
TA= — 40 to 85°C
54HC
TA= -5 5  to 125°C Units
Typ Guaranteed Limits
V|H Minimum High Level 2.0V 1.5 1.5 1.5 V
Input Voltage 4.5V 3.15 3.15 3.15 V
6.0V 4.2 4.2 4.2 V
V|L Maximum Low Level 2.0V 0.3 0.3 0.3 V
Input Voltage 4.5V 0.9 0.9 0.9 V
6.0V 1.2 1.2 1.2 V
VOH Minimum High Level V|N = v iH or V|L
Output Voltage I'outI ^ o ^a 2.0V 2.0 1.9 1.9 1.9 V
4.5V 4.5 4.4 4.4 4.4 V
6.0V 6.0 5.9 5.9 5.9 V
V|N = V|H or V|L
I'outI ¿4.0 mA 4.5V 4.2 3.98 3.84 3.7 V
I'outI ̂ 6.2 mA 6.0V 5.7 5.48 5.34 5.2 V
VOL Maximum Low Level V|N~ V|H or V|L
Output Voltage I'outI ̂ 20 y.A 2.0 V 0 0.1 0.1 0.1 V
4.5V 0 0.1 0.1 0.1 V
6.0V 0 0.1 0.1 0.1 V
V|N =  Vm or V|L 
||OutI^ 4.0 mA 4.5V 0.2 0.26 0.33 0.4 V
I'outI ^ 5-2 mA 6.0V 0.2 0.26 0.33 0.4 V
'lN Maximum Input Current 
(Pins 7,15)
Vin — Vcc or GND 6.0V ±0.5 ±5.0 ±5.0 f i A
'in Maximum Input Current 
(all other pins)
Vin =  Vcc or GND 6.0V ±0.1 ±1.0 ±1.0 jx A
>CC Maximum Quiescent Supply V|N =  Vcc or GND 6.0V 8.0 80 160 f iA
Current (standby) 'OUT=0 /u.A
>CC Maximum Active Supply Vin =  Vcc or GND 2.0V 36 80 110 130 f iA
Current (per monostable) r /C ext =  0.5Vcc 4.5V 0.33 1.0 1.3 1.6 mA
6.0V 0.7 2.0 2.6 3.2 mA
Note 1: Maximum Ratings are those values beyond which damage to the device may occur. 
Note 2: Unless otherwise specified all voltages are referenced to ground.
Note 3: Power Dissipation temperature derating —  plastic "N” package: - 1 2  mW/°C from 65°C to 85°C; ceramic “J” package: - 1 2  mW/°C from 100°C to 125°C. 
Note 4: For a power supply of 5V +10%  the worst-case output voltages (Vo h . and Vol) occur for HC at 4.5V. Thus the 4.5V values should be used when 
designing with this supply. Worst-case Vm and V|l occur at Vq c = 5.5V and 4.5V respectively. (The V|H value at 5.5V is 3.85V.) The worst-case leakage current (Iim , 
Ice. and Iq z ) occur for CMOS at the higher voltage and so the 6.0V values should be used.
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AC Electrical Characteristics vCc=5v,TA=25oc,cL=i5pF,tr=tf=6ns
Symbol Parameter Conditions Typ GuaranteedLimit Units
tpLH Maximum Trigger Propagation 
Delay A, B or Clear to Q
22 36 ns
lPHL Maximum Trigger Propagation 
Delay A, B or Clear to Q
25 42 ns
tpHL Maximum Propagation Delay Clear to Q 20 31 ns
tPLH Maximum Propagation Delay Clear to Q 22 33 ns
tw Minimum Pulse Width A, B or Clear 14 26 ns
tR EM Minimum Clear Removal Time 0 ns
tW Q (M IN ) Minimum Output Pulse Width Cext =  28 pF 
R E X T  = 2 kil
400 ns
l W Q Output Pulse Width Cext =  "1000 pF 
Rext= 10 kfi
10 JLtS
AC Electrical Characteristics Cl =  50 pF, tr= tf = 6 ns(unless otherwise specified)
Symbol Parameter Conditions VCC
Ta = 25°C
74HC
Ta = — 40 to 85°C
54HC
TA= — 55 to 125°C Units
Typ Guaranteed Limits
tpLH Maximum Trigger Propagation 2.0V 77 169 194 210 ns
Delay A, B or Clear to Q 4.5V 26 42 51 57 ns
6.0V 21 32 39 44 ns
tpHL Maximum Trigger Propagation 2.0V 88 197 229 250 ns
Delay A, B or Clear to Q 4.5V 29 48 60 67 ns
6.0V 24 38 46 51 ns
tpHL Maximum Propagation 2.0V 54 114 132 143 ns
Delay Clear to Q 4.5V 23 34 41 45 ns
6.0V 19 28 33 36 ns
tpLH Maximum Propagation 2.0 V 56 116 135 147 ns
Delay Clear to Q 4.5V 25 36 42 46 ns
6.0V 20 29 34 37 ns
tw Minimum Pulse Width 2.0V 57 123 144 157 ns
A, B, Clear 4.5V 17 30 37 42 ns
6.0V 12 21 27 30 ns
tREM Minimum Clear 2.0V 0 0 0 ns
Removal Time 4.5V 0 0 0 ns
6.0V 0 0 0 ns
tTLH- tTHL Maximum Output 2.0V 30 75 95 110 ns
Rise and Fall Time 4.5V 8 15 19 22 ns
6.0V 7 13 16 19 ns
twQ(MIN) Minimum Output CexT =  28 pF 2.0V 1.5 f iS
Pulse Width REXT = 2kn 4.5V 450 ns
REXT = 6 kfi (VCC=2V) 6.0V 380 ns
lWQ Output Pulse Width Cext= 0.1 p.F Min 5.0V 1 0.9 0.86 0.85 ms
REXT = 10 kfi
Max 5.0V 1 1.1 1.14 1.15 ms
C PD Power Dissipation 87 PF
Capacitance (Note 5)
CIN Maximum Input 12 20 20 20 PF
Capacitance (Pins 7 & 15)
C|N Maximum Input 6 10 10 10 PF
Capacitance (other inputs)




©  POSITIVE EDGE TRIGGER ©  NO RETRIGGERING  
©  NEGATIVE EDGE TRIGGER ©  RESET PULSE SHORTENING 




As show n in F ig u re  1 and the  logic diagram  before an input 
trigger occurs, the m onostable is in the  qu iescent state w ith 
the  Q  ou tput low, and the  tim ing capacito r C E X t  com ple te ly  
charged to  V cc- W hen the  trigger input A  goes from  V c c  to 
GND (while inputs B and c lear are held to  V cc ) a valid trig­
ger is recognized, w hich tu rns on com para tor C1 and N- 
channel transis to r N1 ® . A t the  sam e tim e the  ou tput latch 
is set. W ith transis to r N1 on, the  capacito r CEXj  rapidly d is­
charges tow ard GND until V REF1 is reached. A t th is  po in t 
the output o f com para tor C1 changes state and transis to r 
N1 turns off. C om para tor C1 then turns o ff while  a t the sam e 
tim e com para tor C2 turns on. W ith transis to r N1 off, the ca­
pacitor CEx j  begins to  charge through the  tim ing resistor, 
R e x t . tow ard V cc- W hen the  vo ltage across C E x t  equals 
V r e f 2> com para tor C2 changes sta te causing the output 
latch to  reset (Q goes low) while  at the sam e tim e disabling 
com para tor C2. Th is ends the tim ing cycle  w ith the m onosta­
ble in the qu iescent state, w aiting fo r the  next trigger.
A valid trigger is a lso recognized when trigger input B goes 
from  GND to  V qc  (while input A is at GND and input c lear is 
at V c c © ) -  The ’HC221 can also be triggered when clear 
goes from  GND to Vc c  (while A  is at Gnd and B is at 
V c c © )-
It should be noted tha t in the  qu iescent sta te  CEXt  is fu lly  
charged to  Vcc causing the  current through resistor REXj  to 
be zero. Both com para tors are “ o ff”  w ith the to ta l device 
current due only to  reverse junction leakages. An added 
fea ture o f the ’HC221 is tha t the  ou tput latch is set via the 
input trigger w ithout regard to  the capacito r voltage. Thus, 
propagation de lay from  trigger to  Q is independent o f the 
value o f CEx j , Rext. or the duty cycle o f the  input wave­
form .
The 'HC221 is non-retriggerable and will ignore input tran­
sitions on A and B until it has tim ed out ®  and © .
RESET OPERATION
These one shots may be reset during the generation o f the 
ou tput pulse. In the reset mode o f operation, an input pulse 
on clear sets the reset latch and causes the capacitor to  be 
fas t charged to  V c c  by turning on transistor Q1 © . W hen 
the  voltage on the capacitor reaches VREE2, the reset latch 
w ill c lear and then be ready to  accept another pulse. If the 
c lear input is held low, any trigger inputs tha t occur w ill be 
inhibited and the Q and Q outputs of the output latch will 
not change. S ince the Q output is reset when an input low 
level is detected on the Clear input, the output pulse T can 
be made significantly shorter than the  minimum pulse w idth 
specification.




Typical Distribution of Output 
Pulse Width, Part to Part
0.92 0.96 1.00 1.04 1.06
OUTPUT PULSE WIDTH (ms)
TL/F/5325-8
Typical 1ms Pulse Width




2 3 4 5 6
POWER SUPPLY (V)
TL/F/5325-10
Typical 1 ms Pulse Width 
Variation vs. Temperature
-5 5  -1 5  25 65 105 125
TEMPERATURE (°C)
TL/F /5325-11








































Physical Dimensions inches (m illim eters)
"  [19.94] 1 *  




[5 .59-7 .87 ]
__ L
0.1 2 5-0.200 , 
[3 .18-5.08]
0.080
[2.03] MAX ' 
BOTH ENDS
GLASS SEALANT
0.010 ± 0.002 
[0.25 ± 0.05]
PIN NO. 1_ 
IDENT
Ceramic Dual-ln-Line Package (J)
Order Number MM54HC221AJ or MM74HC221AJ 




111 [2 j l_3J L4J [SJ |_6J l_7j 18J
0.25010.010
(6.35010.254)









Molded Dual-ln-Llne Package (N) 
Order Number MM74HC221AJN 
NS Package Number N16E
N A TIO N A L’S PRODUCTS ARE NOT AUTHO RIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEM S W ITHO UT THE EXPRESS W RITTEN APPROVAL O F THE PRESIDENT OF NATIONAL 
SEM ICONDUCTOR CORPORATION. A s used herein:
1. Life support devices or system s are devices or 
system s which, (a) are intended fo r surgical im plant 
into the  body, or (b) support or sustain life, and whose 
fa ilure to  perform , when properly used in accordance 
w ith instructions fo r use provided in the  labeling, can 
be reasonably expected to  result in a s ign ificant injury 
to the  user.
2. A  critical com ponent is any com ponent o f a life 
support device or system  whose failure to  perform  can 
be reasonably expected to cause the  failure of the life 
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National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied and National reserves the right at any time without notice to change said circuitry and specifications.
N a t i o n a l S e m i c o n d u c t o r
December 1988
MM54HC4020/MM74HC4020 




The MM54HC4020/MM74HC4020, MM54HC4040/ 
MM74HC4040, are high speed binary ripple carry counters. 
These counters are implemented utilizing advanced silicon­
gate CMOS technology to achieve speed performance simi­
lar to LS-TTL logic while retaining the low power and high 
noise immunity of CMOS.
The ’HC4020 is a 14 stage counter and the ’HC4040 is a 12- 
stage counter. Both devices are incremented on the falling 
edge (negative transition) of the input clock, and all their 
outputs are reset to a low level by applying a logical high on 
their reset input.
These devices are pin equivalent to the CD4020 and 
CD4040 respectively. All inputs are protected from damage 
due to static discharge by protection diodes to Vcc and 
ground.
Features
■ Typical propagation delay: 16 ns
■ Wide operating voltage range: 2-6V
■ Low input current: 1 p.A maximum
■ Low quiescent current: 80 juA maximum (74HC Series)









Order Number MM54HC4020/4040 or MM74HC4020/4040
© 1995 National Semiconductor Corporation TL/F/5216























Absolute Maximum Ratings (Notes 1 & 2) Operating Conditions
If Military/Aerospace specified devices are required, Min Max Units
please contact the National Semiconductor Sales Supply Voltage (VCc) 2 6 V
Office/Distributors for availability and specifications. DC Input or Output Voltage 0 Vcc V
Supply Voltage (Vcc) -0 .5  to +7.0V (Vin. Vout)
DC Input Voltage (Vin) - 1 .5 to V Cc + 1 -5 V Operating Temp. Range (TA)
DC Output Voltage (Vout) - 0 .5  to V cc +  0.5V MM74HC -4 0 + 85 °c
Clamp Diode Current (Icd) ±20 mA MM54HC -5 5 + 125 °c
DC Output Current, per pin Oout) ±25 mA Input Rise or Fall Times 
(tr,tf) VCc  =  2.0V 1000 ns
DC Vcc or GND Current, per pin (Ice) ±50 mA VCc =  4.5V 500 ns
Storage Temperature Range (Tstg) -65°C  to + 1 50°C VCC =  6.0V 400 ns
Power Dissipation (PD)
(Note 3) 600 mW
S.O. Package only 500 mW
Lead Temperature (Tl)
(Soldering 10 seconds) 260°C
DC Electrical Characteristics (Note 4)
Symbol Parameter Conditions Vcc
t a = 25°C
74HC
TA= -4 0  to 85°C
54HC
TA= -5 5  to 125°C Units
Typ Guaranteed Limits
V|H Minimum High Level Input 2.0V 1.5 1.5 1.5 V
Voltage 4.5V 3.15 3.15 3.15 V
6.0V 4.2 4.2 4.2 V
V|L Maximum Low Level Input 2.0V 0.5 0.5 0.5 V
Voltage** 4.5V 1.35 1.35 1.35 V
6.0V 1.8 1.8 1.8 V
vOH Minimum High Level Output V|N =  V|Hor V|l
Voltage IqutI^20 fiA 2.0V 2.0 1.9 1.9 1.9 V
4.5V 4.5 4.4 4.4 4.4 V
6.0V 6.0 5.9 5.9 5.9 V
V|N =  V|H or V|L 
||OutI^ 4.0 mA 4.5V 4.2 3.98 3.84 3.7 V
•outI^ 5.2 mA 6.0V 5.7 5.48 5.34 5.2 V
VOL Maximum Low Level Output V|N = V,HorV|L
Voltage ||qutI^20 ft A 2.0V 0 0.1 0.1 0.1 V
4.5V 0 0.1 0.1 0.1 V
6.0V 0 0.1 0.1 0.1 V
V|n =  V|H or V|l 
||OutI^ 4.0 mA 4.5V 0.2 .26 0.33 0.4 V
|1outI^ 5.2 mA 6.0V 0.2 .26 0.33 0.4 V
•in Maximum Input Current V|N =  Vcc or GND 6.0V ±0.1 ±1.0 ±1.0 ju.A
•cc Maximum Quiescent Supply V|N — Vcc or g n d 6.0V 8.0 80 160 fiA
Current •OUT = 0 Fa
Note 1: Maximum Ratings are those values beyond which damage to the device may occur.
Note 2: Unless otherwise specified all voltages are referenced to ground.
Note 3: Power Dissipation temperature derating —  plastic “N” package: —12 mW/°C from 65°C to 85"C; ceramic “J” package: — 12 mW/"C from 100°C to 125 C. 
Note 4: For a power supply of 5V ± 10 %  the worst case output voltages (Voh. and Vol) occur for HC at 4.5V. Thus the 4.5V values should be used when 
designing with this supply. Worst case Vm and V|[_ occur at Vcc =  5.5V and 4.5V respectively. (The Vm value at 5.5V is 3.85V.) The worst case leakage current (Iin> 
Ice. and l0 z) occur for CMOS at the higher voltage and so the 6.0V values should be used.
**V|i_ limits are currently tested at 20%  of Vcc- The above V||_ specification (30% of Vcc) wil1 be implemented no later than Q1, CY’89.
2
AC Electrical Characteristics vCc=5v,TA=25oc,cL=i5pF,tr=tf=6ns
Symbol Parameter Conditions Typ GuaranteedLimit Units
fMAX Maximum Operating Frequency 50 30 MHz
tpHL- tpLH Maximum Propagation 
Delay Clock to Q
(Note 5) 17 35 ns
lPHL Maximum Propagation 
Delay Reset to any Q
16 40 ns
tREM Minimum Reset 
Removal Time
10 20 ns
tw Minimum Pulse Width 10 16 ns
AC Electrical Characteristics Vcc=2-0V to 6.0V, Cl= 50 pF, tr=tf = 6 ns (unless otherwise specified)
Symbol Parameter Conditions Vcc ta=
25°C 74HCTa— — 40 to 85°C
54HC
Ta = -5 5  to 125°C Units
Typ Guaranteed Limits
fMAX Maximum Operating 2.0V 10 6 5 4 MHz
Frequency 4.5V 40 30 24 20 MHz
6.0V 50 35 28 24 MHz
tpHL. tpLH Maximum Propagation 2.0V 80 210 265 313 ns
Delay Clock to Q-| 4.5V 21 42 53 63 ns
6.0V 18 36 45 53 ns
TPHL, tpLH Maximum Propagation 2.0V 80 125 156 188 ns
Delay Between Stages 4.5V 18 25 31 38 ns
from Qn toQn + i 6.0V 15 21 26 31 ns
tpHL Maximum Propagation 2.0V 72 240 302 358 ns
Delay Reset to any Q 4.5V 24 48 60 72 ns
(’4020 and ’4040) 6.0V 20 41 51 61 ns
tREM Minimum Reset 2.0V 100 126 149 ns
Removal Time 4.5V 20 25 50 ns
6.0V 16 21 25 ns
tW Minimum Pulse Width 2.0V 90 100 120 ns
4.5V 16 20 24 ns
6.0V 14 18 20 ns
tTLH. tTHL Maximum 2.0V 30 75 95 110 ns
Output Rise 4.5V 10 15 19 22 ns
and Fall Time 6.0V 9 13 16 19 ns
tr.tf Maximum Input Rise and 1000 1000 1000 ns
Fall Time 500 500 500 ns
400 400 400 ns
CPD Power Dissipation 
Capacitance (Note 6)
(per package) 55 PF
C|N Maximum Input 
Capacitance
5 10 10 10 PF
Note 5: Typical Propagation delay time to any output can be calculated using: tp = 1 7  +  12(N -1) ns; where N is the number of the output, Qw , at VCc -5 V .  
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Order Number MM54HC4020J, MM54HC4024J, MM54HC4040J, 
MM74HC4020J, MM74HC4024J, or MM74HC4040J 
NS Package J14A
6
Physical Dimensions inches (m illim eters) (Continued)
Order Number MM54HC4020J, MM54HC4024J, MM54HC4040J, 
MM74HC4020J, MM74HC4024J, or MM74HC4040J 
NS Package J16A
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N A TIO N A L’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEM S W ITHO UT THE EXPRESS W RITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEM ICONDUCTOR CORPORATION. As used herein:
1. Life support devices or system s are devices or 
system s which, (a) are intended fo r surgical im plant 
into the  body, or (b) support o r sustain life, and w hose 
failure to  perform , when properly used in accordance 
w ith instructions fo r use provided in the  labeling, can 
be reasonably expected to  result in a s ign ificant injury 
to  the  user.
2. A  critical com ponent is any com ponent of a life 
support device or system whose failure to perform  can 
be reasonably expected to  cause the failure of the life 
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CHARACTERISATION AND STUDY OF SCINTILLATOR BASED PROBE FOR LYMPHOSCINTIGRAPHY























































































Distance(mm) Reading Error (+/-) Normalized Reading Normalized Error
0 32630 180.6378 1.0000 0.0055
5 26993 164.2955 0.8272 0.0050
10 20819 144.2879 0.6380 0.0044
15 16441 128.2225 0.5039 0.0039
Fat
Distance(mm) Reading Error(+/-) Normalized Reading Normalized Error
0 32419 180.0528 1.0000 0.0056
5 24715 157.2101 0.7624 0.0048
10 18273 135.1777 0.5637 0.0042
15 13424 115.8620 0.4141 0.0036
Bone
Distance(mm) Reading Error(+/-) Normalized Reading Normalized Error
0 32300 179.7220 1.0000 0.0056
5 24693 157.1401 0.7645 0.0049
10 18351 135.4659 0.5681 0.0042










5 25368 159.2733 0.7770 0.0049
10 18120 134.6105 0.5550 0.0041





LU Normalized Reading Normalized Error
0 360 18.9737 1.0000 0.0527
5 135 11.6190 0.3750 0.0323
10 55 7.4162 0.1528 0.0206
15 32 5.6569 0.0889 0.0157
20 23 4.7958 0.0639 0.0133
25 15 3.8730 0.0417 0.0108
Fat
Distance(mm) Reading Error(+/-) Normalized Reading Normalized Error
0 427 20.6640 1.0000 0.0484
5 195 13.9642 0.4567 0.0327
10 53 7.2801 0.1241 0.0170
15 24 4.8990 0.0562 0.0115
Bone
Distance(mm) Reading Error(+/-) Normalized Reading Normalized Error
0 378 19.4422 1.0000 0.0514
5 194 13.9284 0.5132 0.0368
10 44 6.6332 0.1164 0.0175
15 26 5.0990 0.0688 0.0135
Solid Water
Distance(mm) Reading Error(+/-) Normalized Reading Normalized Error
0 380 19.4936 1.0000 0.0513
5 190 13.7840 0.5000 0.0363
10 45 6.7082 0.1184 0.0177
15 27 5.1962 0.0711 0.0137
Threshold -10
Source: Cobalt - 57
Free Air Geometry 
Distance(mm) Reading IL.oL.
LU Normalized Reading Normalized Error
0 61766 248.5277 1.0000 0.0040
5 60703 246.3798 0.9828 0.0040
10 57279 239.3303 0.9274 0.0039
15 51906 227.8289 0.8404 0.0037







Reading Error(+/-) Normalized Reading Normalized Error
0 62986 250.9701 1.0000 0.0040
5 69573 263.7669 1.1046 0.0042
10 53403 231.0909 0.8479 0.0037
15 44230 210.3093 0.7022 0.0033
Reading Error(+/-) Normalized Reading Normalized Error
0 62024 249.0462 1.0000 0.0040
5 69175 263.0114 1.1153 0.0042
10 53143 230.5277 0.8568 0.0037
15 43102 207.6102 0.6949 0.0033
Reading Error(+/-) Normalized Reading Normalized Error
0 61514 248.0202 1.0000 0.0040
5 69126 262.9182 1.1237 0.0043
10 53900 232.1637 0.8762 0.0038
15 43593 208.7894 0.7087 0.0034
EXP5A
Source A only
Depth = Perspex Thickness = 20mm
x Readingl Reading2 Reading3 Average Reading Error
0 4776 4715 4807 4766.0000 69.0362
10 4265 4386 4407 4352.6667 65.9747
20 3589 3120 3255 3321.3333 57.6310
30 1840 1803 1891 1844.6667 42.9496
40 1091 1018 1023 1044.0000 32.3110
50 377 365 368 370.0000 19.2354
60 261 277 270 269.3333 16.4114
70 110 113 107 110.0000 10.4881
80 76 54 63 64.3333 8.0208
90 28 28.0000 5.2915
EXP5B
Source A: fixed
Source B: X = 40mm;Y = 30mm; Depth = Y + 20mm = 50mm 
x Readingl Reading2 Reading3 Average Reading Normalised
0 5106 5136 5101 5114.3333 1.0000
10 4668 4431 4794 4631.0000 0.9055
20 3341 3533 3464 3446.0000 0.6738
25 2514 2570 2658 2580.6667 0.5046
30 2066 2008 2052 2042.0000 0.3993
35 1589 1567 1633 1596.3333 0.3121
40 1438 1429 1403 1423.3333 0.2783
45 969 960 922 950.3333 0.1858
50 618 697 608 641.0000 0.1253
55 500 476 499 491.6667 0.0961
60 345 346 342 344.3333 0.0673
65 268 256 262 262.0000 0.0512
70 174 182 169 175.0000 0.0342
































Source B: X = 40mm: Y  = 60mm: Depth = 80mm Normalised
without collimator
x Readingl Reading2 Reading3 Average Reading Error
0 4211 4506 4337 4351.3333 1.0000
10 3753 4059 4305 4039.0000 0.9282
20 2611 2674 2574 2619.6667 0.6020
30 1696 1659 1649 1668.0000 0.3833
40 834 807 804 815.0000 0.1873
50 314 422 414 383.3333 0.0881
60 231 225 221 225.6667 0.0519
70 111 139 107 119.0000 0.0273
80 79 68 73.5000 0.0169
Source A: fixed
Source B: X = 40mm: Y = 60mm: Depth = 80mm 
with collimator
x Readingl Reading2 Reading3 Average Reading Normalised error
0 771 818 794.5000 1.0000
10 48 40 36 41.3333 0.0520
20 25 19 11 18.3333 0.0231
30 4 10 8 7.3333 0.0092
40 4 8 6.0000 0.0076



































Source B: X = 35mm: Y  = 40mm: Depth = 60mm 
without collimator
Readingl Reading2 Reading3 Average Reading Normalised
0 4454 4421 4438 4437.6667 1.0000
10 4236 4114 4299 4216.3333 0.9501
20 2866 2709 2844 2806.3333 0.6324
30 1587 1538 1561 1562.0000 0.3520
40 1034 1048 1136 1072.6667 0.2417
50 410 525 544 493.0000 0.1111
60 275 309 286 290.0000 0.0653
Source A: fixed
Source B: X = 35mm: Y = 40mm: Depth = 60mm 
with collimator
x Readingl Reading2 Reading3 Average Reading Normalised Error
0 695 585 607 629.0000 1.0000
10 15 14 14.5000 0.0231
20 3 8 5.5000 0.0087
30 24 25 24 24.3333 0.0387
40 15 18 20 17.6667 0.0281


















Source B: X = 60mm: Y = 40mm; Depth = 60mm 
without collimator
X 1Readingl 1Reading2 Reading3 Average Reading Normalised Error Normalised Error
0 4202 4257 4229.5000 1.0000 65.0346 0.0154
10 4136 4002 4069.0000 0.9621 63.7887 0.0151
20 3672 3323 3497.5000 0.8269 59.1397 0.0140
30 2171 2094 2132.5000 0.5042 46.1790 0.0109
40 1148 1126 1137.0000 0.2688 33.7194 0.0080
50 582 611 542 578.3333 0.1367 24.0486 0.0057
60 485 395 394 424.6667 0.1004 20.6074 0.0049
65 224 234 230 229.3333 0.0542 15.1438 0.0036
70 209 204 206.5000 0.0488 14.3701 0.0034
75 183 172 163 172.6667 0.0408 13.1403 0.0031
80 114 159 151 141.3333 0.0334 11.8884 0.0028
90 131 121 85 112.3333 0.0266 10.5987 0.0025
100 60 65 89 71.3333 0.0169 8.4459 0.0020
Source A: fixed
Source B: X = 60mm:'Y = 40mm; Depth = 60mm
without collimator
X Readingl Reading2 Reading3 Average Reading Normalised Error Normalised Error
0 760 754 757.0000 1.0000 27.5136 0.0363
10 478 461 469.5000 0.6202 21.6679 0.0286
20 8 5 6.5000 0.0086 2.5495 0.0034
30 7 3 5.0000 0.0066 2.2361 0.0030
40 1 2 1.5000 0.0020 1.2247 0.0016
50 3 2 1 2.0000 0.0026 1.4142 0.0019
60 10 18 29 19.0000 0.0251 4.3589 0.0058
65 10 6 7 7.6667 0.0101 2.7689 0.0037
70 2 4 2 2.6667 0.0035 1.6330 0.0022
EXP5F
Source A: fixed
Source B. X = 100mm: Y  = 40mm; Depth = 60mm 
without collimator
x Readingl Reading2 Reading3 Average Reading Normalised Error
0 4155 4404 4279.5000 1.0000
10 3498 3891 3694.5000 0.8633
20 3129 3073 3101.0000 0.7246
30 2022 2042 2032.0000 0.4748
40 1096 1098 1097.0000 0.2563
50 564 597 580.5000 0.1356
60 241 270 255.5000 0.0597
70 292 200 230 240.6667 0.0562
80 176 179 177.5000 0.0415
90 170 175 172.5000 0.0403
100 170 162 151 161.0000 0.0376
105 158 159 158.5000 0.0370
110 159 130 156 148.3333 0.0347
120 117 122 119.5000 0.0279
130 100 121 110.5000 0.0258
140 75 67 70 70.6667 0.0165
Source A: fixed
Source B: X = 100mm: Y = 40mm; Depth = 60mm
with collimator
x Readingl Reading2 Reading3 Average Reading Normalised Error
0 583 574 578.5000 1.0000
10 50 59 54.5000 0.0942
20 7 4 5.5000 0.0095
30 2 3 2.5000 0.0043
40 0 1 0.5000 0.0009
50 1 0 0.5000 0.0009
60 0 1 0.5000 0.0009
70 1 0 0.5000 0.0009





















































90 10 19 11 13.3333 0.0230 3.6515 0.0063
95 17 27 14 19.3333 0.0334 4.3970 0.0076
100 22 29 18 23.0000 0.0398 4.7958 0.0083
105 4 8 6.0000 0.0104 2.4495 0.0042
110 1 0 0.5000 0.0009 0.7071 0.0012
EXP5G
Source A: fixed
Source B: X = 50mm: Y = 10mm; Depth = 30mm 
without collimator
X Reading 1 Reading2 Reading3 Average Reading Normalised
0 4370 4272 4321.0000 1.0000
10 4027 4086 4056.5000 0.9388
20 3201 3039 3120.0000 0.7221
30 2053 2073 2063.0000 0.4774
40 1148 1250 1199.0000 0.2775
45 1064 1029 1046.5000 0.2422
50 806 822 843 823.6667 0.1906
60 698 691 631 673.3333 0.1558
70 423 490 496 469.6667 0.1087
80 286 216 251.0000 0.0581
100 70 77 73.5000 0.0170
Source A: fixed
Source B: iK -  50mm: Y = 10mm; Depth = 30mm
with collimator
X Readingl Reading2 Reading3 Average Reading Normalised




40 4 8 6.0000 0.0111
45 12 20 16.0000 0.0296
50 66 38 41 48.3333 0.0894
55 20 12 15 15.6667 0.0290











































Reading 1 Reading2 Reading3 Average Reading Normalised
0 4285 4045 4165 1.0000
10
20 3649 3175 3412 0.8192
30 3227 3258 3242.5 0.7785
40 1394 1255 1324.5 0.3180
50 577 612 594.5 0.1427
70 118 127 122.5 0.0294
90 56 36 46 0.0110
110 86 84 85 0.0204
120 152 157 154.5 0.0371
130 264 391 308 321 0.0771
140 450 458 454 0.1090
150 499 500 499.5 0.1199
160 506 477 491.5 0.1180
170 345 339 342 0.0821
180 291 167 229 0.0550
190 190 101 145.5 0.0349





















































50 362 385 373.5000 0.0900
70 114 115 114.5000 0.0276
90 61 63 62.0000 0.0149
110 106 194 150.0000 0.0361
120 156 164 160.0000 0.0385
130 267 260 259 262.0000 0.0631
140 397 318 334 349.6667 0.0842
150 363 395 317 358.3333 0.0863
160 304 266 288 286.0000 0.0689
170 237 253 245.0000 0.0590
180 149 182 132 154.3333 0.0372
190 80 81 80.5000 0.0194


































Source B: X = 150mm: Y = 40mm; Depth = 60mm 
without collimator
x Reading 1 Reading2 IReading3 Average Reading Normalised Error
0 4133 4268 4200.5000 1.0000
10 3870 3768
30 1698 1820 1759.0000 0.4188
50 370 427 398.5000 0.0949
70 114 192 153.0000 0.0364
90 51 62 56.5000 0.0135
110 82 72 77.0000 0.0183
120 110 108 109.0000 0.0259
130 137 107 122.0000 0.0290
140 141 141 141.0000 0.0336
150 150 159 154.5000 0.0368
160 141 153 147.0000 0.0350
170 156 117 122 131.6667 0.0313
180 66 75 95 78.6667 0.0187
190 65 54 60 59.6667 0.0142
200 53 44 48.5000 0.0115
Source A: fixed
Source B: X = 150mm: Y = 40mm; Depth = 60mm
with collimator
x Readingl Reading2 Reading3 Average Reading Normalised Error
140 3 0 1.5000 0.0750
145 14 10 15 13.0000 0.6500
150 22 16 18 18.6667 0.9333
155 22 20 18 20.0000 1.0000
160 11 8 6 8.3333 0.4167
170 0 1 0.5000 0.0250
Normalised Error
64.8113 0.0154
41.9404
19.9625
12.3693
7.5166
8.7750
10.4403
11.0454
11.8743
12.4298
12.1244
11.4746
8.8694
7.7244
6.9642
0.0100
0.0048
0.0029
0.0018
0.0021
0.0025
0.0026
0.0028
0.0030
0.0029
0.0027
0.0021
0.0018
0.0017
Normalised Error
1.2247 0.0612
3.6056 0.1803
4.3205 0.2160
4.4721 0.2236
2.8868 0.1443
0.7071 0.0354

